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Abstract 
Multiwalled carbon nanotubes (MWCNTs) are now synthesized on a scale of thousands of 
tonnes per year, creating a considerable inhalation risk for the people that work with them. 
However, significant knowledge gaps on MWCNT pulmonary toxicity still remain due to the 
complex composition of the air-lung interface, particularly the influence of the pulmonary 
surfactant (PS) which coats the surface of the lung, plus a lack of insight into the impact of 
MWCNT physicochemical properties on their toxicity.  
The aims of this thesis were two-fold. Firstly, the Langmuir Blodgett trough was used to 
investigate the impact of MWCNT inhalation on the biophysical behaviour of PS lipids at the 
air-water interface. Changes were found to be length-dependant. ‘Short’ MWCNTs (1.1 µm, 
SD = 0.61) reduced the maximum interfacial film pressure by 10 mN/m (14%) in 
dipalmitoylphosphatidylcholine (DPPC) and PS, at an interfacial MWCNT-PS lipid mass ratio 
range of 50:1 to 1:1. ‘Long’ commercial MWCNTs (2.1 µm, SD = 1.2) caused compression 
resistance at the same mass loadings. ‘Very long’ MWCNTs (35 µm, SD = 19) sequestered 
DPPC and were squeezed out of the film. Positive and neutral functionalised hydrophilic 
MWCNTs also caused significant monolayer expansion. In a complementary imaging study, 
ordered DPPC coronas were found to form on the MWCNT surface. MWCNT aspect ratio 
and charge can therefore both influence the compression resistance and maximum pressure 
of PS lipids, each believed to influence PS function. 
Secondly, 6 popular commercial MWCNT types were characterised, and their toxicity to 
alveolar macrophage cells (AMs) investigated. The MWCNTs shared some similar 
characteristics: all MWCNTs contained only iron and carbon, diameters were 10-25 nm, the 
D/G ratios were ~1, and the measured agglomerate sizes in cell culture medium were 0.26-
0.39 µm2. However, the samples displayed different cytotoxicities, with 4 samples causing 
significant reductions in AM viability. Imaging of critical point dried cells, using field ion beam 
scanning electron microscopy, showed that the AMs tended to surround and engulf MWCNT 
agglomerates. The more toxic MWCNTs were associated with lower cell numbers and signs 
of an inability of the AMs to phagocytose the MWCNT agglomerates. Certain classes of 
commercial MWCNTs therefore pose a threat to lung health if inhaled. Further investigations 
are needed to understand which of their characteristics cause increased toxicity. 
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1. Introduction 
The extraordinary properties of MWCNTs has led to their increased use, both commercially 
and in research. For example, the annual scale of MWCNT production is estimated to be on 
the scale to thousands of tonnes [1] and MWCNTs are now incorporated into consumer 
goods such as sporting equipment, packaging and textiles [2]. With the growing prevalence 
of MWCNTs, comes growing concerns over the health and safety implication of their release. 
MWCNTs can be released from commercial goods during product manufacture, use or 
disposal [2-4], however it is in research environments, where large volumes of dry MWCNT 
powders are often handled, that significant exposure is most likely to occur. Levels of 
airborne MWCNTs in research facilities have been measured as high as 0.43 mg/m3 during 
mixing processes without engineering controls [5] and synthesis of MWCNTs by CVD has 
been shown to release MWCNTs into the local area [6]. Careful handling can significantly 
reduce these airborne MWCNT levels, but because the occupational exposure limits of 
MWCNTs and other nanomaterials have yet been set, it is now vital to improve our 
understanding of the consequences of MWCNT release and their subsequent inhalation. 
The toxic potential of MWCNTs has been compared to that of asbestos, which caused a 
pandemic of lung diseases, because of their high aspect ratio and possible biopersistance.  
However there is still much debate in the literature as to whether MWCNTs pose a 
significant threat. Part of the problem stems from the vast variation in experimental design 
between different research groups, which makes cross comparison difficult, especially when 
extensive characterisation is lacking. Some of the most important differences are believed to 
be: 
 MWCNT dispersion - pristine MWCNTs tend to agglomerate due to their 
hydrophobic surface, therefore the form which the pulmonary system ‘sees’ after 
inhalation is often not the individual MWCNTs. These agglomerates which form 
should be characterised. 
 Morphology - MWCNTs of different sizes are often compared alongside other 
variables, and so the effect of MWCNT size is still unknown. 
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 Catalyst – the presence of catalyst particles is suggested by some to be the 
determining factor in MWCNT toxicity [7, 8], which is largely determined by the 
purification process.  
 Structure – the degree of lattice disorder directly impacts on the biopersistance of 
MWCNTs [9, 10], which largely determines their long-term fate. 
 Cell type – The lung epithelium consists of type 1 and 2 epithelial cells and alveolar 
macrophage cells (AMs). The AMs are a type of white blood cell that engulf foreign 
substances in a process called phagocytosis, and have been shown to be highly 
reactive towards MWCNTs of lengths typical of commercial materials (~20 µm) [11]. 
Short MWCNTs (~0.6 µm), on the other hand, were found to induce significant 
response from the epithelial cells. Therefore inhaled pristine MWCNTs are likely to 
be actively taken up by the AMs, with any that avoid AM clearance then interacting 
with the epithelial cells [12, 13]. Despite the fact that the AMs form an important initial 
line of defence, many studies use the lung epithelial cells to investigate inhalation 
toxicity. The A549 adenocarcinomic human alveolar basal epithelial cells are the 
most commonly used cell line, and are supposed to represent the type 2 epithelial 
cells [14-16], but it has been shown that they are not a valid model due to their 
cytoplasm containing significantly fewer surfactant lamellar bodies than the epithelial 
cells [17]. Those studies which do use macrophage cells often use models such as 
U937 and THP1 which again are not representative as they do not express the full 
range of monocyte markers that macrophage cells do [18].  
The ideal test of inhalation toxicity would mimic the form of MWCNTs which are most likely 
to become airborne, i.e. pristine unpurified MWCNTs, and extensively characterise these 
materials before performing the relevant toxicity assays with primary human lung 
macrophage cells. 
Another critical question to consider is how MWCNTs interact with the pulmonary surfactant 
(PS) which coats the surface of the lungs. PS plays a vital role in maintaining lung health. It 
is a surface-active lipoprotein complex that absorbs onto the air-liquid interface of the alveoli 
and prevents alveolar collapse by lowering surface tension and increasing pulmonary 
compliance [19]. However research into the effect of nanoparticle inhalation on the structure 
and biophysical function of PS is lacking. Also lacking is an understanding of how PS will 
bind to the MWCNT surface. Proteins and blood plasma have been shown to rapidly coat the 
surface of a nanoparticle when it enters a biological environment [20], resulting in the 
formation of both a ‘hard’ corona, which consists of the strongly bound entities, and a ‘soft’ 
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corona of weakly bound entities that are in equilibrium with the surrounding fluid [21]. The 
corona determines the in vivo fate of a nanoparticle [22]. Understanding the effect of 
nanoparticle inhalation on the biophysical behaviour of PS and the nature of the MWCNT-PS 
interaction will result in a better understanding of not only MWCNT toxicity, but also their 
potential in drug delivery applications. 
Two bodies of work were carried out within this thesis. In the first, the Langmuir-Blodgett 
trough was used to study the impact of MWCNTs, graphene and silver nanoparticles on PS 
models at the air-water interface. The PS models chosen were DPPC, because it is the most 
abundant component of human PS, and is responsible for the reduction of surface tension to 
0 mN/m during expiratory compression [23],  the lipid extract from the large aggregate 
fraction of murine PS and Curosurf, a natural surfactant prepared from porcine lungs. The 
impact was quantified by finding significant changes in the isothermal behaviour of the PS 
models, i.e. monolayer area and maximum obtainable pressure, using ANOVA statistical 
analysis. The effect of MWCNT length, aspect ratio and surface charge were all studied, in 
order to find which type of MWCNTs were the most damaging to PS function. Atomic force 
microscopy was then used to examine the structure of the interface and relate this to the 
isothermal behaviour. Lastly, the formation of a lipid corona on the surface of a selection of 
commercial and in-house injection chemical vapour deposition (ICVD) grown MWCNTs was 
imaged using transmission electron microscopy (TEM). 
Then, in a second body of work, the toxicity of a selection of six important commercially 
available MWCNT types to the lung macrophage cells was tested. The MWCNTs were first 
extensively characterised. Their composition, morphology, tortuosity, structure and purity 
were examined using TEM, aberration-corrected high resolution TEM (HRTEM), scanning 
electron microscopy (SEM), thermogravimetric analysis (TGA) and Raman spectroscopy. 
Primary human alveolar macrophage cells were then exposed to MWCNTs and the toxicity 
measured using MTT and LDH assays. The agglomerate size of the MWCNTs, as they were 
given to the cells, was also quantified using optical microscopy. In order to image the 
MWCNT agglomerates interacting with the cells and instances of uptake, the macrophage 
cells were critical point dried to preserve their structure, and imaged using field ion beam 
SEM (FIB-SEM). 
This PhD thesis is outlined as follows: Chapters 2 is a critical assessment of the relevant 
background literature. Chapter 3 describes the experimental techniques used within this 
work. The experimental results are presented in Chapter 4. Section 4.1 present results on 
   
23 
 
studies of the nanoparticle-lipid interface, using the Langmuir-Blodgett trough and 
complementary techniques. Section 4.2 presents results on the characterisation of important 
commercial MWCNTs and their toxicity to the human macrophage cells. Chapter 5 contains 
the thesis conclusions and suggested future work. Finally, the context of MWCNT toxicity is 
discussed in Chapter 6. 
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2.  Literature 
Review 
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2.1 Carbon Nanotubes 
Carbon nanotubes (CNTs) have received considerable interest since Iijima reported on the 
synthesis of a ‘finite carbon structure consisting of needle-like tubes’ in 1991 [24]. However 
their discovery has been argued to date back as far as transmission electron microscopy 
(TEM) images of tubular nano-sized carbon filaments published in 1952 [25]. The substantial 
interest in these materials stems from their unique properties. Their stiffness has been 
reported as high as 1.2 TPa [26, 27]. They also have reported strengths of 50 GPa [28], 
surpassing the mechanical properties of conventional materials such as steel, at low 
densities. CNTs can be split into two distinct structural families: 
1. Single-walled carbon nanotubes (SWCNTs) can be thought of as a sheet of graphite that 
has been rolled up into a tube. The typical radius is up to a few nanometres.  
2. Multi-walled carbon nanotubes (MWCNTs) consist of two or more concentric seamless 
graphene cylinders. The concentric tubes are held together by van der Waals attractions. 
The sheets have an interlayer distance of 0.34 nm.  
 
Figure 1. High resolution transmission electron microscopy (HRTEM) images of MWCNTs 
and schematics showing the tubular structure. Reproduced from Iijima et al. 1991 [24]. 
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2.1.1 Synthesis 
A variety of carbon nanotube morphologies and compositions are currently synthesized by 
research groups all over the world. There are many companies which currently mass 
produce carbon nanotubes, with the estimates ranging from around 55 companies worldwide 
[29] to over 100 [30]. Companies include Nanostructured & Amorphous Materials Inc., 
Arkema and Nanocyl. Production of multi-walled carbon nanotubes is now on the scale of 
thousands of tonnes per year [1], and is expected to more than double in the next 4 years as 
current manufacturers increase production and new manufacturers emerge [2]. The standard 
CNT synthesis methods are outlined below: 
2.1.1.1 Arc discharge 
In this process, a direct current arc voltage is applied across two high-purity graphite 
electrodes which are in an inert gas. The CNT material deposits on the cathode. Arc 
discharge produces a complex mixture of CNTs, soot and residual catalytic metal requiring 
further purification, which can be more expensive than production itself [31]. Interest in 
MWCNT synthesis was significantly boosted in 1991, when MWCNTs were observed in the 
carbon soot of graphite electrodes by Iijima et al., in an attempt to synthesise C60 [24]. The 
MWCNTs had diameters ~ 4-30 nm and length of up to 1 µm. It was also by arc discharge 
that SWCNTs were first synthesized in 1993 [32]. 
2.1.1.2 Laser Ablation 
This method involves the irradiation of a graphite target with a laser beam in the presence of 
an inert gas [33-36]. The CNTs form where the vaporised carbon condenses on the cooler 
parts of the reactor. The process was developed by Dr. Richard Smalley to make MWCNTs 
[37] and then SWCNTs, using a mixed metal catalyst of cobalt and nickel [38]. The CNTs 
produced are tangled and difficult to purify. 
2.1.1.3 Chemical Vapour Deposition 
The most widely used synthesis method [39], CVD applies to the deposition of a solid 
material from a gaseous phase reaction between precursor materials. The first reported 
synthesis of CNTs is believed to be by CVD in 1952 when Radushkevich and Lukyanovic 
created tubular carbon structures through decomposition of CO onto an iron substrate [25].  
Later in 1993 José-Yacamán published a CVD method to grow MWCNTs at 700 °C by 
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decomposition of acetylene over an iron catalyst [40].  CVD is the most cost effective route 
by which to synthesize CNTs [5] and produces the vast majority of commercial MWCNTs. 
Growth Mechanisms 
CNT growth from a metallic catalyst can be split into two basic types: gas phase growth and 
substrate growth [41]. In gas phase growth, the catalyst formation and nanotube growth 
occur in vapour phase, whilst in substrate growth, the precursor materials are deposited on a 
substrate or high-surface-area powder before growth. The proposed chemistry for both 
methods is similar and can be classified into surface carbon diffusion and bulk carbon 
diffusion.  
 In surface carbon diffusion, the metal particle remains solid, the ‘cracked’ carbon 
diffuses around the surface and the CNT nucleates on the side of the metal particle. 
The CNT continues to grow as carbon constantly breaks down on the particle 
surface. 
 In bulk carbon diffusion the carbon feedstock is again ‘cracked’ on the metal catalyst 
surface. The catalyst particle dissolves the carbon until it reaches saturation and then 
a CNT grows from the outer surface. In the case where the metal is a liquid, the 
process of absorption of carbon into a liquid catalytic particle, and subsequent 
precipitation of carbon as a solid, is known as the vapour-liquid-solid mechanism or 
VLS. This model was applied to CNT formation by Tibbets in 1984 [42]. 
In the case of substrate diffusion growth, after CNT growth has begun via surface or bulk 
diffusion, the CNT will grow by either base growth or tip growth. Base growth occurs when 
the catalyst particle remains on the substrate and the CNT is extruded into the air. Tip 
growth occurs when the catalyst particle dissolves the feed-stock and precipitates the CNT 
towards the substrate. As a result, the base of the CNT remains stuck to the substrate and 
the catalyst grows away from the surface at the CNT tip. 
For a catalyst particle of constant size, growth of CNTs should continue until the 
hydrocarbon precursor is stopped, or the particle has become fully coated by carbon. Other 
competing mechanisms include formation of graphitic shells, deposition of amorphous 
carbon and diffusion of metal into the substrate. 
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Figure 2. Schematic of tip and base CNT growth on a substrate. Reproduced from O’Connell 
2006 [41]. 
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2.1.2 Applications of Carbon Nanotubes 
CNTs are increasingly entering consumer goods, such as sporting equipment, packaging 
and textiles. Despite the range of potential possible with CNTs, their electrical conductivity 
and excellent mechanical properties tend to be the properties most widely applied. 
 
Figure 3. Global CNT demand by applications. Reproduced from Kingston et al. 2014 [2]. 
2.1.2.1 Non-medical Applications of Carbon Nanotubes  
CNTs can be used for load bearing applications when the powder is mixed with polymers or 
resins. CNTs are used for the mechanical reinforcement of epoxy resin, to enhance its 
mechanical properties, whilst utilising its good chemical resistance, high adhesion and 
dimensional stability. The success of these composites relies upon good CNT dispersion, 
alignment and strong interfacial bonding [43]. Without these factors, the composites can be 
weaker than neat epoxy. A study by Suhr et al. showed that intertube sliding interactions in 
CNT composites can be useful for structural damping [44], helping to ensure stability in 
applications including tennis racquets, baseball bats and bicycle frames [1]. 
Carbon nanotubes are also advantageous in the field of nano-electronics due to their one 
dimensional geometry, unique electrical properties and their high dielectric constant which 
results from the absence of dangling bonds. [45].  A SWCNT is made by the ‘rolling up’ of a 
sheet of graphene. The structure of the resulting SWCNT is described by a pair of integers 
(n,m) which define the chiral vector, Ch. The circumference of the SWCNT is then 
described by the following equation [45]: 
Ch = 𝐧𝐚𝟏 +  𝐦𝐚𝟏 
   
30 
 
Where a1 and a2 are the unit vectors of the graphene honeycomb lattice. 
The (n,0) type of nanotubes are called zigzag SWCNTs and the (n,n) types are called 
armchair SWCNTs.  
 
Figure 4. Schematic representation of a two-dimensional graphene lattice, showing the 
lattice vectors a1 and a2 and the roll up vector. Reproduced from Odom et al [46]. 
Graphene is called a zero-bandgap semiconductor, as it is metallic in some directions and 
semiconducting in others [47]. In a SWCNT, the momentum of the electrons moving around 
the circumference is quantized. This quantization results in tubes which are either one-
dimensional metals or semiconductors, depending on how the allowed momentum states 
compare to the preferred directions for conduction. Calculations have predicted that all 
armchair SWCNTs are metallic whereas the zigzag and helical SWCNTs are either metallic 
or semiconducting [48]. However this behaviour only holds for small SWCNTs, as the 
diameter increases, the band gap tends to zero. By statistical probability, MWCNTs are 
typically metallic [49]; the individual tubes maintain their semiconducting or metallic 
character due to poor inter-tube coupling, but at least one metallic tube is enough to short 
circuit the semiconducting tubes . 
In nanoelectronics, semiconducting SWCNTs can be used as the channel material. The 
diameter of a SWCNT is ~1 nm, which results in optimisation of the coupling between the 
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gate and the channel of a transistor [50]. The one dimensional transport and long mean free 
path means that SWCNTs can offer ballistic transport for short channel devices, resulting in 
lower power dissipation [50]. Their good thermal conductivity also aids in reducing power 
consumption in devices and circuits.  
An advantage of thin films made from CNTs is their flexibility. This property was put to use 
in control circuits for pressure sensing elements in electronic skin [51], using a solution of 
99% semiconductor-enriched SWCNTs from NanoIntegris, Inc.. Incorporation of MWCNTs 
(CVD grown) into the polymer layer of a poly(3-octylthiophene)/n-Si heterojunction solar cell 
dramatically improved device performance, due to better hole transport and suppression of 
charge carrier recombination by the MWCNTs [52]. 
A recent milestone in CNT electronics was the development of the first CNT (CVD grown) 
computer by Shulaker et al in 2013 [53]. It was the first computer built entirely from 
SWCNT-based transistors and ran on an operating system which was capable of multi-
tasking. Ruthergken et al also demonstrated the potential of CNTs in day-to-day applications 
by using a CNT (CVD grown) demodulator in a radio receiver as a part of a functioning radio 
that could both receive a signal and play music broadcasted wirelessly [54]. 
Two of the most common applications of CNTs are in conductive nanocomposites and 
lithium ion cells. CNTs can be dispersed as the conductive phase in an insulating polymer 
matrix. The conductivity is typically discussed in terms of percolation theory. The electrical 
volume conductivity is given by a percolation scaling law σ(p) = σ0(p-pc)
t where Pc is the 
percolation threshold and t is the critical component [55]. Below the critical volume fraction 
the conductive particles are in small clusters, and do not improve the conductivity over that 
of the insulating matrix. Above the percolation threshold, the conductivity increases by many 
orders of magnitude due to the formation of a continuous CNT network. In epoxy resin-
based CNT composites, addition of ~ 1.0 wt% of CNTs increased the conductivity from ~ 10-
9 S/m for the pure matrix to 10-1 S/m with Iljin Nanotech MWCNTs [56] and ~1 S/m with in-
house ICVD [57] and CVD synthesized MWCNTs [58]. 
Efforts to use pure CNTs as a replacement for graphite in Li-ion cells have had varied 
success. Chew et al. created free standing MWCNT films from single-walled, double-walled 
and multi-walled CNTs (Carbon Nanotechnologies Inc. and NanoAmor), which were both 
flexible and able to retain their capacity after many cycles; unfortunately the capacity of the 
device was no better than that of commercial graphite anodes [59].  
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Attempts to intercalate lithium into MWCNTs have widely been reported, but again the 
literature shows that raw carbon nanotubes are only able to provide small improvements on 
the capacity of graphite [60]. Instead novel anodic materials, which combine CNTs with 
metallic coatings, are being investigated. For example, by using coaxial nanotube arrays of 
MnO2 and template synthesized CNTs, Reddy et al. formed a hybrid structure which acted 
as a buffer to alleviate volume expansion [61]. The MWCNTs also provided additional sites 
for lithium storage, resulting in a dual storage mechanism, producing cathodes suitable for 
use in advanced lithium ion batteries.  
2.1.2.2 Medical Applications of Carbon Nanotubes 
Carbon nanotubes are also utilised in a range of biological applications, from drug delivery 
and radiotracers to hyperthermia. In this section, some of the research utilising MWCNT 
specific properties is discussed. 
Drug Delivery & Cell Treatment 
CNTs have a unique structure which makes them suitable candidates for nanoscale drug 
delivery. Unlike spherical nanoparticles, CNTs can be heterogeneously functionalised due to 
different levels of chemical reactivity at the ends and sidewalls [62]. The hollow CNT centre 
also means that drugs can be transported internally. One of the major techniques used to 
target the loaded CNTs to the required area is to coat the CNT surface with an antibody that 
has an affinity for the target cell [63].  
A particular field of interest for CNTs in drug delivery is for cancer therapy. Current methods 
to treat cancer include surgery, chemotherapy, radiotherapy or a combination of all three 
[63]. Chemotherapeutic formulations pose several problems, including systematic toxicity 
and an inability to specifically target tumour sites. This has created a need to develop cancer 
treatments which have high therapeutic efficacy, with minimal toxic side effects, and so there 
have been numerous studies performed in vitro and in vivo using antibody-functionalised 
CNTs loaded with therapeutic agents to target cancer cells [63].  Paclitaxel is a medication 
used to treat various types of cancer. It inhibits cell growth by noncovalent interaction with 
tubulin, blocking cell replication [64]. In vitro delivery of paclitaxel covalently attached to 
HiPCo SWCNTs showed a significantly higher degree of tumour growth suppression than 
through delivery of paclitaxel alone, suggesting that the use of a SWCNT carrier resulted in a 
higher concentration of paclitaxel being delivered to the breast cancer cells [65]. 
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CNTs can also be used in gene therapy. Gene therapy involves transport of a particular 
gene to an affected area, to treat or prevent disease. This can be done through either viral 
vectors, which can cause side effects such as inflammation and unwanted immune 
responses, or nonviral vectors such as liposomes and microparticles, which tend to have 
lower gene expression efficiency [63]. Plasma-enhanced CVD (PECVD) grown MWCNTs 
have been used as nonviral vectors, and been shown to transfer DNA to mouse lymphocyte 
cells through a direct piercing method, without the DNA being degraded [66]. Small 
interfering RNA (siRNA) are a class of molecules which interfere with the expression of 
specific genes. Delivery of MWCNTs (Nanostructured and Amorphous Materials Inc.) 
complexed with siRNA to tumour cells, achieved significant inhibition of tumour growth [67].  
The mechanism by which the drug or gene is released once a CNT-drug conjugate has 
entered the target cell is an important aspect of CNT drug delivery systems. One of the novel 
techniques employed to control drug release is to attach the drugs to the CNT through a 
linker that is susceptible to cleavage under certain conditions, such as pH changes and heat. 
For example, HiPCo SWCNTs functionalised via π-π stacking with doxorubicin (DOX), a 
highly toxic chemotherapeutic agent, released more DOX in the in vivo acidic environment of 
tumour tissue than in the neutral environment of healthy tissues [68]. Similarly when 
ribonucleic acid (RNA), a polymeric molecule implicated in gene regulation and expression, 
was attached to the surface of HiPCo SWCNTs via a disulphide link, the disulphide bond 
was cleaved off upon endocytotic entry to the cell by thiol reducing enzymes, and siRNA was 
released [69]. This process was aided by the acidic pH in the lysosomes. 
Drug release can also be mediated by irradiation and/or heating. On-command conductive 
heating was used to release chemotherapeutic agents from aligned CVD MWCNTs to an in 
vitro model of multidrug resistant pancreatic cells [70]. Nanotube encapsulation allowed the 
drugs to be used at concentrations two orders of magnitude lower than exogenous 
treatment, with similar kill rates of approximately 70%. CNTs functionalised at the ends with 
thio-pyridine, filled with fluorescein and sealed by the addition of silica nanoparticles, were 
opened by heat induced cleavage of the disulphide bonds [71]. This ‘cap ejection’ 
mechanism allowed controlled release of the CNT contents. 
Another significant area of interest is in the use of CNTs for thermal ablation of cancer cells. 
Thermal ablation is a potential form of cancer therapy which is noninvasive, harmless to 
normal cells and highly efficient. Experiments have shown that CNT mediated thermal 
ablation can produce temperature gradients that extend more deeply into the tissue than 
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laser treatment alone [72]. A temperature rise of just 5°C has been shown to be enough to 
denature the protein in malignant cells [73]. The temperature of CNTs can increase to over 
60°C within 2 minutes of exposure to infrared wavelength of 700 – 1100 nm, which is 
particularly useful as biological systems are highly transparent to this energy range [74]. 
MWCNTs are known to be more useful than SWCNTs in the thermal treatment of cancer 
[75]. This is because MWCNTs have more available electrons per particle and contain more 
metallic tubes, and so tend to absorb near infrared radiation at a faster rate. 
Tissue Engineering 
The aim of tissue engineering is to replace unhealthy tissue with a substitute that can restore 
and maintain normal function. As the field of tissue engineering advances, there is an 
increased demand for new and novel scaffolds.  As well as requiring the correct structural 
and chemical properties, it may be desirable for scaffolds to be electrically conductive, as 
electrical simulation has been shown to enhance cell differentiation, proliferation and 
dendritic extension [75]. Carbon nanotubes are therefore ideal scaffold candidates and many 
studies have been dedicated to fully exploiting their properties to facilitate tissue growth.  
The matrix plays a critical role in tissue engineering. As discussed in chapter 2.1.2.1, 
dispersion of just a small fraction of MWCNTs into a polymer can dramatically improve the 
overall mechanical strength. MWCNTs can also be used to improve the strength of 
biopolymers, such as chitosan [76]. Chitosan is a naturally occurring non-toxic biopolymer 
with amino and hydroxyl groups, found in the exoskeleton of crustaceans and other 
biological materials, which can be degraded by enzymes in the human body to form non-
toxic by-products. Scaffolds for bone tissue engineering require a high porosity to create an 
optimum environment for cell attachment, proliferation and tissue growth. Addition of acid 
treated MWCNTs (Cheap Tubes Inc.) to chitosan was found to increase both the scaffold 
porosity and the degree of tissue mineralisation [77].  
A variety of cells have been shown to grow upon CNT scaffolds in vitro. Blends of SWCNTs 
(HiPCO, Carbon Nanotechnologies) and collagen were shown to support smooth muscle 
growth [78] and L929 mouse fibroblasts were grown on 3D networks of vertically aligned 
MWCNT scaffolds [79]. One of the most heavily researched engineering areas for CNT 
containing scaffolds is bone. Preosteoblast MC3T3-E1 cells grew upon a chistosan-MWCNT 
(Cheap Tubes, Inc) matrix [80], increasing the elastic modulus from 166.38 MPa to 510.99 
MPa with the  incorporation of just 3% MWCNTs. However the strength of this and other 
bone-replacement composites are still not comparable to the innate strength of bone. 
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Cortical bone has an elastic modulus 7-30 GPa [81]. MWCNTs are also of interest for 
regeneration in the neural system. The diameter of MWCNTs can be~ 100 nm, which is 
similar to neural fibres for neural growth [62].  Hu et al. exploited this size similarity by 
growing neurons on functionalised CVD grown MWCNTs (Figure 5a) [82]. If MWCNTs are 
grown in an array they can be used to form neural networks [83, 84].  
 
Figure 5. SEM images a) fibroblasts [79] and b) neurons [82] grown on pristine MWCNT 
networks. Reproduced from -Duarte 2004 and Hu 2004, respectively. 
The electrical conductivity of MWCNTs can be used to enhance cell growth and 
mineralisation on a composite. Application of an alternating current to nanocomposite 
substrates of polyactic acid and MWCNTs (synthesized by electrical arc discharge), being 
developed as bone growth scaffolds,  increased osteoblast proliferation by 46%, and calcium 
production by more than 300% [85]. In order to optimise the electrical conductivity and 
mechanical strength of a CNT composite scaffold, the CNT dispersion, concentration and 
alignment must be carefully controlled. For example, conductivity can be increased through 
alignment of CNTs to form a connective pathway through the structure, giving efficient 
charge transfer [62]. However this requires a uniform CNT dispersion, which can be difficult 
as pristine CNTs are hydrophobic and tend to form agglomerates, a major hindrance in CNT 
composite applications. CNT agglomeration can be reduced through CNT functionalisation, 
use of alternative methods such as electrospinning of the composite, or a combination of 
both [86, 87]. 
Sensing of Cell Processes 
Engineered tissue can be improved by incorporating materials capable of continuously 
monitoring the cellular environment. Nanoscale sensors are used because they have a large 
surface area for immobilizing biological compounds such as DNA and proteins, resulting in 
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high sensitivity. The electrical properties of CNTs mean that they can be assembled between 
two electrodes and used as FETs. It has been shown that by application of a bias, CNTs can 
then be made extremely sensitive to the proximity of electrical charges [88]. Attaching a 
sensing element to the nanotube surface allows measurement of the perturbation in the 
electrical current passing through the CNT during a binding event.  
Carbon nanotube-based sensors have been demonstrated to measure many biological 
entities. Strano et al. developed a fluorescent SWCNT (Nano-C Inc.) sensor capable of 
detecting individual proteins by attaching hexahistadine-tagged ‘capture proteins’ to 
SWCNTs [89]. The SWCNTs were arranged into microarrays to analyse a range of proteins 
simultaneously. Inorganic nanoparticles can also be attached to the CNT surface to create 
effective sensors.  Platinum was electrodeposited onto MWCNTs (Sun Nanotech Co.) for the 
detection of thiols such as L-cysteine and glutathione [90]. Thiols are cellular components 
which play critical roles in metabolism, protein synthesis and the detoxification of free 
radicals and peroxides [91].  
In vivo detection has also been achieved. SWCNTs (HiPco) were made to be highly 
sensitive to nitric oxide (NO) by being wrapped in 3,4-diaminophenyl-functionalized dextran 
(DAP-dex) [92]. The near infra-red fluorescence of the SWNTDAP-dex was bleached by NO 
when the put inside the abdomen of mice. MWCNTs (Brighton, MA, USA) modified with 
putrescine oxidase were able to detect putrescine in vivo [93]. Tests on mouse plasma 
showed the biosensors were capable of quick analysis without prior purification. They also 
showed good selectivity for putrescine detections (20 times greater than common interfering 
species such as cadaverine and histamine). 
One of the biggest problems of implantable sensors is the binding of non-specific serum 
proteins which can reduce the sensing response. Methods to tackle this include coating the 
surface with highly hydrophilic, neutrally charged and sterically hindered polymers such as 
polyethylene glycol [94], biasing the CNT sensor to minimize biofilm formation [93] and pre-
coating the CNT surface with Tween 20 [95]. However the latter can inhibit the CNT-metal 
contact. 
Magnetic Resonance Imaging 
Magnetic resonance imaging (MRI) is a medical technique used to study anatomy. MRI 
scanners use magnetic fields and radio waves to form images of the body. Nanomaterials 
which have shown significant potential as MRI contrast agents include iron oxide 
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superparamagnetic nanoparticles, gadolinium-based nanoparticles and quantum dots [62]. 
Carbon nanotubes provide poor contrast in MRI, and so must be functionalised to increase 
their detectability. This is typically done by attaching a heavy atom such as gadolinium to the 
CNT surface, or filling the CNT. When SWCNTs (Carbolex Inc, arc discharge synthesized) 
were loaded with GdCl3, the result was the formation of superparamagnetic metal-ion 
clusters, which acted as powerful proton relaxation centres with relaxivities 40 to 90 times 
larger than Gd[(DTPA)(H2O)]
-2, a standard clinical contrast agent [96]. The large proton 
relaxivities were due to the water molecules having easy access to the high concentration of 
coordinated paramagnetic ions. Hydrophilic superparamagnetic MWCNT/FE3O4 hybrids 
were shown to successfully enhance MRI negative contrast of cancer cells whilst displaying 
low cytotoxicity in vitro,  to MCF-7 (human breast cancer) and L929 (mouse fibroblasts) cell 
lines, and in vivo [97]. (MWCNTs from Shenzhen Nanotech Port Co.) Another successful 
candidate MRI contrast agent was SWCNTs (Aldrich) containing traces of iron oxide and 
functionalised with PEG and carboxylic acid [98]. 
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2.1.3 Accidental CNT Exposure 
As CNT applications become available on a large commercial scale, there is an increased 
risk of exposure for the people that manufacture and work with the raw CNT material. 
2.1.3.1 Occupational Exposure 
CNTs can become aerosolised when handled without the appropriate care, resulting in an 
occupational exposure risks. Airborne MWCNTs tend to agglomerate into bundles and 
spheroidal aggregates [99]. 
A study where the levels of airborne carbon nanotubes were measured in a research facility 
specialising in MWCNTs, found levels up to 0.43 mg/m3 in the absence of exposure controls 
[5]. Han et al. took real time aerosol concentration measurements using a portable 
aethalometer. Maximum release occurred during blending of the MWCNTs to form 
composites. The permissible exposure limit for carbon black is a time weighted average of 
3.5 mg/m3 according to the National Institute for Occupational Safety and Health, and so the 
measured values were much lower than the current guidelines. However the maximum 
number of tubular structures recorded was 194 CNTs/cc, over the current TWA for asbestos, 
which is 0.1/cc, and glass wool, which is 1/cc. The implementation of engineering controls 
such as enclosing blending processes, and increasing the lab ventilation, significantly 
reduced particle concentrations below the levels of detectability. 
Measurements of unprocessed airborne SWCNT exposures were made at four facilities 
using either the HiPCO or laser ablation production methods. Vigorous agitation of laser 
ablated and HiPCO SWCNTs generated particles between 1 and 10 µm [100].  The amount 
generated was two orders of magnitude lower than from vigorous agitation of a similar 
volume of fused alumina, another low density nanomaterial. Examination of aerosol number 
and mass concentration showed that the formation of respirable aerosols from SWCNTs 
during handling was difficult, with concentrations measured between 0.7 and 53 µg/m3 
measured from personal air samples. Personal air samples were collected on conductive 
filter cassettes placed on the worker. However, three of the sites showed a significant 
increase in particle concentration during clean up. The increased particle release correlated 
with the use of a vacuum cleaner, but whether the particles were aerosolized SWCNTs or 
generated particles from the internal carbon brush motor mechanism was not determined. 
Fonseca et al. also found some evidence for the release of SWCNTs during cleaning [101]. 
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Wiping of the SWCNT reactor chamber with wet wipes under pressure caused a three-fold 
increase in SWCNT concentration. 
Johnson et al. found an increase in airborne MWCNT concentration for weighing, handling 
and sonicating aqueous MWCNT suspensions [102]. Measurements were taken using two 
hand held particle counters. The largest airborne concentrations measured during handling 
were for particles approximately 300 nm in size, where 123,403 particles/ L were measured. 
Sonication of MWCNTs in aqueous natural organic matter caused the biggest release of the 
all the processes tested, increasing the airborne MWCNT concentration by 2776 particle/cc 
above that measured from the handling of dry MWCNTs. Both hydrophobic (pristine) and 
hydrophilic (functionalised) MWCNTs were tested. Higher airborne concentrations were 
measured from handling of dry hydrophobic MWCNT powders.  
Sanding and dry cutting of MWCNT-epoxy composites has been shown to result in a 
significant increase in respirable sized particulates. However there was no evidence of 
significant MWCNT release, suggesting that MWCNTs are contained within the epoxy matrix 
[103, 104]. 
2.1.3.2 CNT Product Disposal Exposure 
In a 2010 study modelling the release of engineered nanoparticles in Switzerland, it was 
suggested that of the 0.8–2.7 tonnes/year CNTs to reach incineration plants, 0.5–1.8 
tonnes/year was eliminated, with the remaining being landfilled [105]. On the other hand, 
Mueller et al. showed that 94% of CNTs are expected to be burnt during incineration, with an 
insignificant amount reaching a landfill [106]. The modelling was again performed for 
Switzerland, because almost 100% of the municipal waste and sewage sludge in 
Switzerland is burnt.  
Bouillard et al. found that the aerosol resulting from the controlled combustion of CNT 
composites contained sub-micron particles, a large fraction of which was <100 nm [107]. 
Depending on the combustion conditions, both soot nanoparticles (10-30 nm) and CNTs 
were found in the released aerosol, posing a risk to the people in the surrounding 
environment. 
2.1.4 Summary 
The previous sections have demonstrated that CNTs are now used in a huge range of 
mechanical, electrical and medical applications. The most important CNT characteristics 
   
40 
 
exploited in these applications were their excellent mechanical strength, conductivity and 
their ability to be filled and functionalised. SWCNTs exhibit NIR fluorescence which has been 
used in the detection of trace amount biological analytes in vivo. The reported literature also 
showed a large variety of commercial CNTs from different manufacturers, who produce 
MWCNTs on a large scale. Large scale production brings with it increased exposure risks 
during CNT handling and disposal. It is therefore important to understand the health risks of 
CNT exposure, both accidental and through nano medical-devices, for the sustainable 
development of CNT based technology.  
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2.2 The Lungs  
2.2.1 The Lungs as a Target for Nanomaterials 
The lungs, skin and intestinal tract are in direct contact with the environment [108]. Whereas 
the skin acts as a barrier, the lungs exchange oxygen and carbon dioxide with the 
environment and the intestinal tract is in contact with all materials taken up orally [109].  
Inhalation is therefore the most significant exposure route for airborne particles [110]. 
Once inhaled, nanoparticles can travel deep into the lung. Oberdörster et al. used a 
predictive model to understand the fate of inhaled particles [110].  It was found that 90% of 
inhaled 1nm sized spherical particles were deposited in the nasopharyngeal compartment, 
10% in the tracheobronchial region and almost nothing in the alveolar region. Increasing the 
nanoparticle size to 5nm caused almost equal depositions in all three regions. At 20nm, the 
nanoparticles showed the highest deposition in the alveolar region, at around 50%. Particle 
size determines the location and therefore physiological effects of inhaled nanoparticles.  
 
Figure 6. Predicted fractional deposition of inhaled particles in the human respiratory tract. 
Reproduced from Oberdorster et al [110]. 
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There are five significant mechanisms by which particles may deposit in the respiratory tract: 
impaction, sedimentation, Brownian motion, electrostatic precipitation and interception as 
outlined below [111]. 
 Impaction: The inertial deposition of a particle onto an airway surface. It happens 
when the momentum of a particle prevents it from changing direction in an area 
where there is a rapid change in the direction of air flow. 
 Sedimentation: Deposition due to gravity. The probability of sedimentation is 
proportional to the particle’s residence time in the airway, particle size and density. 
The probablity of sedimentation decreases with breathing rate. Sedimentation is 
important for particles > 0.5 µm which penetrate to airways where air velocity is low. 
 Brownian motion: Random motion of submicrometer particles due to colliison with air 
molecules in airways where bulk air flow is very low or absent (e.g. bronchioles and 
alveoli). Brownian motion can result in particle contact with an airway wall. 
 Electrostatic precipitation: A surface charge can enhance deposition. 
 Interception: A significant deposition mechanism for fibrous particles with length to 
diameter radio > 3:1, where there is an increased probablity of an edge contacting an 
airway wall. Interception probabiity increases with fibre length, but the aerodynamic 
behaviour of a fibre and the impaction/ sedimentation is more influenced by fibre 
diameter. 
2.2.2 Inhalation of Fibrous Materials 
Long fibres tend to show enhanced deposition in the tracheobronchial tree at the expense of 
deposition in the pulmonary region as compared to shorter fibres. However very long fibres 
(e.g. > 50 µm) which are thin (e.g. < 0.5 µm) can deposit in the pulmonary region, especially 
in the instances of mouth breathing (as opposed to nasal) and elevated inhalation rate [111, 
112]. This deposition behaviour is explained by the fact that the aerodynamic diameter of a 
fibre, which is a function of its diameter and not length, is the measure which defines where 
in the respiratory system it deposits [113]. High aspect materials have therefore been 
considered as candidates for deep lung drug delivery [114]. 
 Studies on the deposition of high aspect ratio materials were of particular interest in the 
1970s due to the concerns over asbestos inhalation. Holmes and Doyle used aerosols of 
radioactive labelled asbestos and synthetic fibres to study the lung deposition within rats 
after a 30 min exposure [115]. The biggest particles tested were fluoramphibole fibres, with a 
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median length of 5.8 µm and a median diameter of 0.27 µm. The radioactivity of the rat 
tissue was measured to determine post-inhalation fibre distribution. 3% of the fluoramphibole 
fibres were deposited in the nasal passage, 1% in the oesophagus, 67% in the 
gastrointestinal tract and 29% in the lower respiratory tract (taken to include the alveolar 
region and airways up to the trachea). Autoradiographs confirmed the presence of fibres in 
the alveolar region. More recently, in vivo animal inhalation studies have shown that carbon 
nanotubes with a length range of 0.5-50 μm can be inhaled into the subpleural region of 
mice lungs [116]. The rate and efficiency of MWCNT deposition was not measured, but 
serial sectioning of the lung tissue showed that the MWCNTs were deposited at the alveolar 
level. 
Modelling of the penetration depths of fibrous particles during human inhalation showed that 
alveolar deposition of high aspect ratio particles (β = 100) of ~ 50 nm equivalent mass 
diameter is in the region of 30 % (Figure 7) [117]. Deposition in the alveolar region was 
heavily influenced by the filtering effect of the tracheobronchial region. For particles of 
equivalent mass diameter smaller than 0.02 μm and larger than 5 μm, filtering was found to 
be important due to diffusion and interception respectively. Deposition was controlled by 
diffusion for particles of equivalent mass diameter between 0.02 μm and 0.5 μm. Deposition 
was then controlled by sedimentation when the equivalent mass diameter was between 0.5 
and 5 μm. A similar deposition pattern was obtained from a more recent theoretical study by 
Sturm et al [118]. However they found lower deposition (~ 10% in the alveolar region for a 
fibre of 50 nm diameter, β = 100) as a result of using sitting and ‘light-work’ breathing 
conditions in their calculations. 
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Figure 7. Alveolar deposition of unit density fibres inhaled through the mouth. Weibel lung 
model, lung volume of 3000 cm3, tidal volume 750 cm3, breathing frequency 15 cycles/min. 
Reproduced from Ascharian and Yu 1988 [117].  
2.2.3 The Structure of the Lungs 
The lungs are part of the human respiratory system which can be divided into the upper 
respiratory tract, consisting of the nasal and oral cavities, pharynx, larynx and trachea, and 
the lower respiratory tract, which consists of the main bronchi and lungs. The lungs are 
paired organs which are responsible for gas exchange, acting as a channel for air flow and a 
surface for the transfer of oxygen into and carbon dioxide out of the blood. The lungs have 
approximately 300 million alveoli, with a total cross section of 50-70m2 [119]. The walls of the 
alveolar sacs consist of squamous (thin flattened cells) epithelium, facilitating gas exchange 
with the blood capillaries which surround them. The alveoli are lined with a surfactant. The 
large surface area of the alveoli and the < 400 nm distance from the alveolar lumen to the 
capillary blood flow make this region less protected against inhaled nanoparticles compared 
to the airways. Both the lung epithelium and surfactant will be discussed in further details in 
the following sections.                                                                                                                                                                              
2.2.3.1. Pulmonary Surfactant 
Pulmonary surfactant is a surface-active lipoprotein complex which adsorbs onto the air-
liquid interface of the alveoli.  It is crucial for breathing as it prevents alveolar collapse by 
lowering the surface tension of the air-water interface and therefore increases pulmonary 
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compliance [120]. PS acts as the first line of defence of the lungs against nanoparticle 
inhalation [121]. The interaction between nanoparticles and PS will affect the subsequent 
clearance mechanism and uptake by lung cells [122]. 
2.2.3.1.1 Composition 
PS is approximately 90-95%% lipids and 5-10% surfactant proteins. The lipids are mainly 
phospholipids. Other lipids present in surfactant include cholesterol, diacylglycerol and free 
fatty acids. The most abundant phospholipid is dipalmitoylphosphatidylcholine (DPPC) which 
makes up approximately 65% of the surfactant composition[23]. The phospholipids reduce 
the surface tension from 70mN/m at a pure water-air interface to approximately 0-1 mN/m 
during expiratory compression, through the formation of monolayers with the polar groups in 
the water and the fatty acyl groups extending into the air. These insoluble films have a very 
low surface energy and, by replacing water, reduce the surface tension of the interface [123].  
 
Figure 8. Molecular Structure of DPPC. Wikipedia Commons. 
As well as the phospholipids, there are four surfactant specific proteins, designated as 
surfactant protein A (SP-A), SP-B, SP-C and SP-D. The surfactant proteins enhance the 
ability of the lipids to reduce the surface tension by promoting adsorption of surfactant lipids 
at the air-water interface and film purification, resulting in a film which is highly enriched in 
DPPC [123]. The mixture of PS components forms a monolayer at the air/water interface 
with associated bilayer reservoirs in water [124]. 
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SP-A and SP-D are large hydrophilic proteins which confer immunity. They are involved in 
the regulation of surfactant homeostasis and alveolar defence. They have carbohydrate 
recognition allowing them to coat bacteria, promoting phagocytosis by macrophages. SP-A 
is by far the most abundant surfactant protein and has been shown to interact with many 
microorganisms, increasing the uptake of some. Surfactant protein A can enhance 
phagocytosis by either directly interacting with phagocytic cells or by behaving as an 
activation ligand, which is a factor that enhances uptake of particles opsonized with another 
factor [125]. Similarly SP-D has been shown to bind to microorganisms and this binding 
initiates several mechanisms, including the recruitment of inflammatory cells to destroy 
pathogens [126] and the modulation of the immune cell and cytokine response [127]. 
SP-B and SP-C are low molecular weight hydrophobic proteins. They are critical 
components for the lowering of PS surface tension [128]. SP-B is the most important protein 
for maintaining respiratory function. The main functions of SP-B are to increase the 
adsorption rate of phospholipids at the air-water interface and in the formation of tubular 
myelin, SP-A and calcium [129]. SP-B is also expected to play a role in protecting the lung 
from oxygen-induced injury and to have anti-inflammatory properties [130]. SP-C is the 
smallest of the surfactant-associated proteins and is necessary for the formation of 
multilayer structures during compression[131]. In vitro data suggest that SP-C is required to 
maintain the surfactant reservoirs attached to the interface during states of high 
compression, at the end of expiration. These reservoirs can then reinsert rapidly into 
interface with the participation of SP-B [132]. 
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Figure 9. Schematic structure and relative size of the principle components of pulmonary 
surfactant. The carbohydrate recognition domains are shown in globular formation. PL 
stands for phospholipids. Reproduced from Griese 1999 [23]. 
2.2.3.1.2 Structure 
The phospholipid fraction of PS provides a matrix on which the other structures are 
assembled.  DPPC is a polar molecule with a hydrophobic end of two saturated 16-carbon 
fatty acid chains and a hydrophilic end of a phosphate group with a quaternary amine group. 
The unsaturated phospholipids present in PS have kinked chains which could not be packed 
enough at the interface to sustain the low tensions required, without the presence DPPC. 
Order is increased by the presence of cholesterol, because the intercalation of the planar 
steroid molecule reduces the conformational entropy of the acyl chains [133].  
SP-A and SP-D are collectins. Their structure can be organized into four regions: A cysteine-
containing NH2-terminus, a triple-helical collagen region, an α-helical coiled coil neck region 
and a globular structure at the C-terminus of a C-type lectin or carbohydrate recognition 
domain (CRD)[134]. SP-A has a hydrophilic quarternary structure, with a hexamer of trimers.  
Each trimer has a globular head containing the CRD [135]. SP-A associates with the 
pulmonary surfactant membranes through the CRD domains [136]. It has been proposed to 
recognize ordered lipid patterns and interact with ordered membranes such as those in gel-
like and liquid-ordered phases, and with the boundaries between ordered and disordered 
phases at the interface [137]. SP-D is not usually associated with membranes. It is arranged 
as dodecamers of four homotrimeric subunits with relatively long triple helical arms[138]. 
SP-B is permanently membrane associated and interacts peripherally with phospholipid 
membranes and monolayers [139]. It distributes preferentially in disordered regions of 
interfacial films and has been shown to disrupt phospholipid packing and promote exchange 
of phospholipid molecules between membranes[140]. SP-C is a very hydrophobic and small 
lipopeptide of 35 amino acids [141]. It has a transmembrane orientation, which traverses the 
DPPC bilayer [142].  
2.2.4 The Lung Epithelium  
The alveolar epithelium covers 99% of the internal surface area of the lung [143].There are 
three main cell types in the alveolar wall: the type-1 cells, which form the structure of the 
wall, the type-2 cells, which generate and secrete the lung surfactant and the macrophages 
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which destroy foreign material. They are among the cell types to first be exposed to irritants 
and serve as a means of gas exchange between the host and the environment  [144].  
2.2.4.1 Epithelial Cells 
Epithelial cells form sheets of cells that function as barriers between compartments within 
the body, and they play an essential role in the transport of molecules from one side of a 
compartment to the other. Epithelial cells are polarized into apical and basolateral 
membranes to which they sort different lipids and proteins [145]. They form a series of 
specialized cell junctions known as tight junctions with neighbouring cells, which are 
essential for the organization of the epithelium and its function as a paracellular barrier [146].  
The alveolar epithelial cells provide a barrier between the environment and the lung 
interstitium. The type-1 cells are squamous, elongated and flat cells through which 
exchanges of CO2 and O2 take place. Although they amount to around one third of the of the 
total epithelial cell population, they make up 90% of the total alveolar surface area [143]. 
r  
Figure 10. Schematic of the cells within the alveolar wall [147]. 
The type-2 cells are cuboidal and granular. They control both the volume and the 
composition of the pulmonary surfactant by synthesizing, secreting and recycling all 
components of the surfactant. They have secretory granules and multilamallar bodies which 
contain the surfactant [143]. They also serve as a progenitor for the type-1 cells and produce 
molecules involved in innate host defence. They are therefore associated with the initiation 
and maintenance of the inflammatory response of the lung [148].  
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2.2.4.2 Macrophage Cells 
Macrophage cells are white blood cells whose role is to remove dying and dead cells, and to 
infer both innate and adaptive immunity through phagocytosis. The term phagocytosis 
means “cellular eating”, and it is where invading microorganisms  or particles, for example 
bacteria, are ingested by large vesicles called phagosomes that generally have a diameter 
greater than 250nm [149]. Phagocytosis by macrophage cells is the most common 
mechanism for solid particle clearance in the alveolar region [150]. The particle must first 
bind to the macrophage cell surface and activate one of the surface receptors. Often this 
happens through recognition of antibodies which attach themselves to the particle surface. 
When the antibody-coated particle binds to the macrophage cell surface receptors, it induces 
the macrophage cell to extend projections of the plasma membrane called pseudopods. 
These pseudopods engulf the particle and fuse at their tips to create a phagosome. The 
phagosome then fuses with a lysosome and the particle is digested by enzymes and toxic 
peroxides. After break down of the of the engulfed material, any antibodies present are 
presented on the outside of the plasma membrane of the cell, which then triggers a larger 
immune response. The digested components are either released via exocytosis or 
assimilated into the macrophage cell. If the cells fail to entirely engulf the invading particle, 
there could potentially be a release of toxic substances which damage the cell and those 
surrounding it. This is known as ‘frustrated phagocytosis’.  
When faced with a large number of infectious particles or more virulent microbes, alveolar 
macrophages synthesize and secrete a range of cytokines (including interleukins-1, -6, and 
tumour necrosis factor-α), chemokines (such as interleukin-8)l, and arachidonic metabolites 
[151]. These cell to cell signals allow the alveolar macrophages to recruit activated 
neutrophils into the alveolar space. 
2.2.4.3 Cell Culture Techniques 
Tissue culture was first developed in the early 1900s as a method for studying the behaviour 
of cells in response to experimental induced stress. The cells are first isolated from tissue, 
then placed in growth media and grown on petri dishes in an incubator. Cells can be grown 
upon a permeable membrane in order to more closely mimic in vivo conditions. Permeable 
supports are especially effective at culturing polarized cells, such as the epithelial cells, 
because it permits them to uptake and secrete molecules on both their basal and apical 
surface, and so carry out metabolic activities in a more natural fashion [152]. Permeable 
membranes also allow the study of the transport of nanoparticles through the cells. 
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Membrane filters were first used as cell growth substrates in a study by Gorbstein in 1953, 
looking at morphogenetic Interaction of mouse tissue [153].  
In the case of airway models, substrate stretching devices are often used to mimic the 
mechanical strain which occurs during respiration. Mechanical stretch was shown to 
stimulate cell proliferation of fetal rat lung cells [154]. It was also shown to dramatically 
increase the uptake gold nanoparticles by lung epithelial cells [19]. Schürch et al integrated a 
monolayer of A549 epithelial cells into the captive bubble surfactometer, which can be used 
to model surfactant film dynamics at the air-water interface. Preliminary measurements of 
the surface tension in animal lungs determined the conditions to apply to the cell monolayer. 
The gold nanoparticles (NPs) were applied to the cells at the air-water interface in PS. The 
gold NPs were fluorescently labelled allowing quantitative measurement of uptake, which 
showed five times more uptake under dynamic conditions compared to static conditions. 
Hu et al developed a multifunctional microdevice that reproduced the mechanical properties 
of the alveolar-capillary interface [155]. They created a microfluidic system containing two 
closely opposed microchannels separated by a 10 μm porous membrane, coated in 
extracellular matrix (fibronectin or collagen).  They then cultured human alveolar epithelial 
cells and human pulmonary microvascular endothelial cells on opposite sides of the 
membrane. When the cells had grown to confluence, air was introduced into the epithelial 
compartment to create an air-liquid interface. The breathing motion increased the amount of 
reactive oxygen species (ROS) induced by silica nanoparticles by more than a factor of 4 
compared to static tests, after a 2 h exposure. A longer exposure of 24h induced similar 
ROS effects in the absence of mechanical strain. They therefore concluded that the 
mechanical stresses accelerated nanoparticle toxicity in the lung.  
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Figure 11. 'Lung on a chip' design with schematic of physiological motion. A) The 
microfabricated lung mimic device, B) Lung contraction and stretching. Reproduced from 
Huh et al 2010. 
2.2.4.4 Preparation for Cell Imaging 
Cells can be prepared for microscopy using a variety of methods. Resin embedding results 
in samples which can be imaged in the electron microscope, often after microtomy to 
uncover the cell. This is usually combined with staining techniques to increase the contrast 
of the cell organelles. A major drawback of resin embedding is that the external morphology 
of the cell cannot be seen. It is also time consuming to find cells within the resin block, and 
to prepare electron transparent samples for transmission electron microscopy using 
ultramicrotomy. An alternative method is to critical point dry (CPD) the cells. The CPD 
technique was invented by Anderson in 1951 and a method for preserving the three-
dimensional structure of biological specimens for electron microscopy [156].  
During drying, the liquid inside a sample crosses the boundary from a liquid to a gas. This 
creates a surface tension in the liquid which pulls against the solid structures it is in contact 
with, and can damage the internal structure of the cell. To avoid this, an alternative path to 
the right of the liquid-gas boundary can be taken. The liquid no longer passes through a 
phase boundary, but instead passes through a super critical region. The densities of the 
liquid phase and the vapour phase become equal at the critical point of drying, and the 
sample is preserved. 
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Figure 12. Phase diagram showing the critical point region of carbo dioxide. Reproduced 
from Leitner et al [157]. 
Critical point dried cells are typically imaged in the scanning electron microscope (SEM). 
SEM allows both overview of the cell culture and selection of single cells for further 
investigation. The combination of the field ion beam and SEM allows expansion of surface 
investigation into the subsurface structure, information which might be lost when switching 
from surface investigation in conventional SEM to TEM ultrastructural research [158].  
Friedmann et al. used CPD to image L929 fibroblast cells cultured on microneedle arrays. By 
taking consecutive slices of the sample with the FIB and imaging with the SEM , they were 
able to reconstruct the cell-needle interface into a 3D model [159]. Nanoparticle uptake has 
also been studied using CPD. To confirm the uptake and internalisation of silver 
nanoparticles by the marine diatom Thalassiosira pseudonana, Garcia et al. used a double 
beam scanning electron microscope equipped with FIB [160]. The location of internalised 
silver was found by comparing transmission and scanning images. In the cases where NPs 
were detected in transmission mode, but not on the surface in scanning mode, the cell was 
cut using FIB milling. EDX was then used confirmed the presence of internal Ag. A similar 
method was used to study the uptake of gold nanoparticles by the THP-1 cells [161]. 
Although EDX cannot be utilised as effectively when studying the uptake of carbon 
nanotubes into carbonaceous cells, the tendency of CNTs to aggregate makes this 
technique ideal to study MWCNT uptake. 
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2.3 The Carbon Nanotube - Biological 
Interface 
The increased production of respirable nanoparticles with the growth of the nanotechnology 
industry has increased the probability of engineered nanoparticles entering the body. It is 
therefore vital to characterise the nanomaterial-biological interface, to develop predictive 
relationships between carbon nanotube properties and their bioreactivity.  
2.3.1 Carbon nanotube cytotoxicity  
This section will describe the bioreactivity of high aspect ratio MWCNTs in the lung, 
focussing on the variables which most strongly effect MWCNT-pulmonary interactions. 
2.3.1.1 In vivo administration techniques 
The preferred method for evaluating respiratory toxicity of airborne materials in animals is to 
use inhalation exposure, as inhalation is the natural route of entry. However this technique is 
not readily available to all research groups. Building an inhalation exposure system which 
can both generate and characterise an exposure atmosphere requires expertise and 
equipment not available to all institutions [162]. The amount of test material may also be too 
small to generate an atmosphere of sufficient concentrations. Direct installation of materials 
into the lung is often used as an alternative. 
The benefits of instillation include that the dose is directly known, that workers are protected 
from possibly toxic materials and that the animals are only exposed via the lungs, without 
skin penetration. Direct instillation also allows testing of long fibres materials which are 
respirable by humans but not as easily respirable by rodents [162]. The main drawbacks of 
direct instillation are the nonphysiologic invasive delivery of a dose which is typically larger 
than would be inhaled, a distribution of material throughout the respiratory tract which is 
dissimilar to that from inhalation and, in the case of intratracheal instillation (IT), the 
bypassing of the upper respiratory tract (i.e. the nasal and oral passages, pharynx and 
larynx).  
Drew et al. studied the response of rats to 10 weekly intratracheal instillations of ‘long’ (60 
μm) and ‘short’ (5 μm) fibres at a concentration of 0.1 mg/0.5 ml [163]. They then compared 
   
54 
 
the IT exposure to 1 hour/week inhalation of 260 mg/m3 long or 1300 mg/m3 short fibres. All 
of the exposures were estimated to give a weekly deep lung deposition of 0.15 mg and 0.75 
mg of the long and short fibres, respectively. The distribution of fibres throughout the lung 
was similar after the both exposure methods. Few of the short fibres were seen in the lungs, 
and the long fibres were diffusely distributed. However, this study did not extensively 
compare the histapathology of the rats exposed by inhalation and IT.  
In a study by Silva et al., which included a comparison of the two exposure methods, IT of 
MWCNTs produced significant BALF neutrophilia whilst inhalation resulted in more of the 
recovered macrophage cells containing MWCNTs, and much lower levels of inflammation 
[164]. Only the instilled animals showed an overall inflammatory increase over time. The 
reversed pattern of inflammation and particle uptake between inhalation and IT may have 
been due to the unnatural one-time bolus dosing in IT. The doses weren’t matched in the 
study - the intratracheal bolus dose was 200 μg compared to a calculated MWCNT aerosol 
inhalation of 380 μg – and the aerosol consisted of MWCNTs in a biocompatible dispersion 
media, rather than a dry powder. However Li et al. also saw higher degrees of inflammation 
in instilled mice, caused by the significantly larger MWCNT agglomerates found in the 
injected dose [165]. 
Results obtained using inhalation and instillation exposures therefore cannot be directly 
compared. Instillation may lead to higher measured levels of MWCNT toxicity, and the use of 
different methods in the literature may explain some of the contradictory findings outlined in 
the rest of the chapter. 
2.3.1.2 Effect of MWCNT morphology 
Murphy et al. investigated the impact of MWCNT length and aggregation state on lung health 
6 weeks post-exposure, using mouse pharyngeal aspiration experiments. All of the fibres 
reached the sub pleural region of the lung. Long MWCNTs (average length= 36 µm, average 
diameter= 165 nm) caused frustrated phagocytosis, significant inflammation and extensive 
thickening of the alveolar spaces. The long MWCNTs also resulted in a significant increase 
in the number of granulocytes (white blood cells) and the lactate dehydrogenase levels 
(LDH, an enzyme released during tissue damage) in the recovered bronchoalveolar lavage 
fluid (BALF). On the other hand, short straight MWCNTs (length range = 1-2 μm, average 
diameter= 26 nm) and short tangled MWCNTs (length range = 1-5 μm, average diameter= 
15 nm)  caused only a minor inflammatory response [166].  
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Mühlfeld et al. found that a single dose of long fibrous MWCNTs (average length= 13 µm, 
average diameter= ~85 nm) or short MWCNTs (length range= 1-5 µm, average diameter= 
15 nm) by pharyngeal aspiration lead to an inflammatory response and morphological 
changes in the gas exchange region of the murine lung 24 h after exposure [167]. However, 
there were also significant differences in their effect on lung health. The longer materials 
induced IL-6 (a pro-inflammatory cytokine) and caused a non-significant increase in 
polymorphonuclear neutrophil (PMN, white blood cells) in BALF. They also induced TNF-α 
(a cell signalling protein involved in systematic inflammation) in alveolar macrophages and 
caused alveolar epithelial type 2 cell hypertrophy. The shorter MWCNTs strongly increased 
PMN in BALF and induced fibrosis of the alveolar septa.  
The difference in MWCNT length-dependant toxicity from the Murphy and Mühlfeld studies 
could have resulted from a number of differences in the experimental parameters. The 
longer time-period of the Murphy study may have meant that the most toxic time-points for 
the short MWCNTs were missed. In both studies, the average MWCNT diameter was larger 
for the longer MWCNTs, but the diameters were generally smaller in the Mühlfeld study. The 
administration techniques were the same, but the concentration used in the Murphy study 
was 2.5 times higher than by Mühlfeld et al. The higher concentration and longer length of 
the long fibres may have caused higher degrees of agglomeration which resulted in the 
frustrated phagocytosis and inflammation seen with the longer MWCNTs in the Murphy 
study. Conversely, the lower degree of agglomeration of the short MWCNTs in the Mühlfeld 
study may have caused more instances of direct penetration, increasing their toxicity. 
Short fibres are known to be cleared faster from the lung that long fibres [168]. In a study by 
Bussy et al., shortening of iron catalysed CCVD grown MWCNTs, using 7 weeks of 
sonication, lead to an increase in the amount of carboxylic acid, oxygen and OH functional 
groups on the MWCNT surface as determined by XPS [169]. The sonication shortening also 
increased the MWCNT iron oxide content by a factor of 2, which the authors believed was 
due to the internal iron catalyst particles oxidising after coming into contact with water during 
the shortening process. Both the shortened and pristine long MWCNTs reduced the 
macrophage cell viability in a similar manner, but only the shortened MWCNTs caused dose 
dependant inflammatory and oxidative responses. The oxidative response was concluded to 
be due to the increase in iron oxide in the shortened sample, which is known to produce 
reactive oxygen species [170, 171]. 
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A regression-tree-based meta-analysis of rodent pulmonary toxicity studies showed that 
MWCNT diameter generally correlated with the degree of MWCNT toxicity [172]. The 
authors concluded that MWCNT stiffness heavily influenced toxicity, as stiffer MWCNTs 
produce greater cell damage in the lungs and present more resistance to the body’s natural 
particle breakdown and clearance systems. The study also found that larger aggregate sizes 
increased PMN, macrophages and post exposure recovery time, whilst reducing lactate 
dehydrogenase (LDH, an enzyme released from damaged cells used to quantify cellular 
toxicity). Their findings are consistent with the idea that larger aggregates are more difficult 
to clear from the lungs, but perhaps cause less damage to cell membranes on an equivalent 
mass basis. 
2.3.1.3 Effect of Charge 
The attachment of functional groups to the side walls of CNTs, chemically or physically, is 
known as functionalization. Chemical modification is often required to make CNTs 
compatible with a particular environment or to add particular functional groups. Covalent 
modification of the CNT walls can damage the intrinsic properties, and so macromolecules 
are often added to oxygen-containing functional groups at inherent defect sites. Typically a 
wet chemistry approach is used, such as reactions of the CNT structure with nitrenes, or 
through acid oxidation, which can be followed by an amidation step [173]. Solvent free 
methods are also available. Plasma treatments and thermal oxidation attack the CNT 
framework, whereas more recent high temperature activation methods allow grafting whilst 
maintaining intrinsic CNT properties [174]. 
Functionalisation has been shown to reduce MWCNT toxicity  in vivo  when carboxylated 
and pristine MWCNTs were intravenously injected into mice via the tail vein [175]. An 
extensive study of the impact of f-MWCNT surface charge was carried out by Chen et al. 
[176]. Pristine MWCNTs and MWCNTs functionalised to have positive (quarternized 4-vinyl 
pyridine), negative (methyl methacrylate and polyethylene glycol) and neutral (4-vinyl 
pyridine) charges were applied to type 1 human lung epithelial cells. The most toxic was the 
pristine MWCNTs which showed a ~10% decrease in cell viability, but none of the samples 
showed significant toxicity. Transmission electron microscopy showed that the surface 
charge of the MWCNTs changed how they interacted with cell membranes, with more 
instances of direct membrane penetration for cationic MWCNTs than anionic. This was 
proposed to be because of the electrostatic attraction and repulsion of the negative cell 
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membrane with cationic and anionic MWCNTs, respectively. The amount of MWCNT uptake 
was not quantified.  
Coccini et al. compared pristine MWCNTs to MWCNTs functionalised with COOH, NH2 and 
‘highly functionalised’ NH2 [177]. The highly functionalised NH2  MWCNTs were the only type 
to be toxic to A549 cells as measured by fluorescence imaging. The authors thought the 
difference in toxicity was due to an increased degree of dispersion, but it was likely due to a 
combination of the high degree of functionalisation and the positive charge (the zeta 
potential could not be measured as the MWCNT solution was a highly viscous liquid). Highly 
positive charged amine nanoparticles (zeta potential ~ +40 mV) have been shown to create 
holes in cellular membranes, increasing toxicity to type 1 epithelial cells [178]. 
2.3.1.4 Effect of Pulmonary Surfactant 
Pulmonary surfactant plays an important role in MWCNT toxicity because it is the first point 
of contact for inhaled nanoparticles, before cellular interactions can begin. It has been shown 
that the toxicity of nanoparticles can be highly dependent upon the coating of proteins and 
lipids which forms once the particle has entered the body [21, 22]. In vivo the cell ‘sees’ the 
biological corona rather than the bare nanoparticle surface. Despite this, the majority of in 
vitro studies investigating MWCNT pulmonary toxicity have neglected to include the 
pulmonary surfactant in their model. Those studies which have are discussed below. 
Wang et al. found that a coating of Survanta (a natural lung surfactant) on SWCNTs did not 
dramatically alter their toxicity to the epithelial cells compared to the pristine SWCNTs [179]. 
Similarly incubation of MWCNTs with curosurf, a lipid based porcine surfactant, caused a 
minor increase in ROS, inflammatory chemokine release and apoptosis but was concluded 
to not cause any significant toxicity changes to a triple cell co-culture model of the human 
epithelial airway barrier: epithelial cells, human blood monocyte-derived dendritic cells and 
human monocyte derived macrophages [180]. However, there were differences in 
aggregation of the MWCNTs which resulted in different intracellular MWCNT formations. 
Wang et al. found that Survanta gave an improved dispersion over incubation with 
phosphate buffered saline (PBS). 
A later study by Ronzani et al. also found that MWCNTs dispersed best in a model lung 
surfactant, this time an in-house mixture of dipalmitoylphosphatidylcholine (DPPC), 
phosphatidylglycerol (PG), cholesterol and bovine serum albumin (BSA), compared to 
dispersion in phosphate buffered saline (PBS), PBS with BSA and sodium dodecyl sulphate. 
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The MWCNTs dispersed in the lung surfactant model were then administered to mice by 
inhalation, where they induced airway inflammation [181]. The toxicity of the inferior 
dispersion systems was not tested to find the impact of aggregation state on toxicity, but the 
improved dispersion of the initial material resulted in the aggregates having similar 
dimensions to inhaled aerosolised MWCNTs, making the study more physiologically 
relevant. 
A study which did find significant differences in the toxicity of SWCNTs in different dispersion 
media was conducted by Eva Herzog et al. in 2009. SWCNTs were dispersed in cell culture 
medium with and without foetal calf serum (FCS), and dipalmitoylphosphatidylcholine 
(DPPC) in phosphate buffered saline (PBS). The different dispersion media greatly affected 
cell response.  DPPC made the particles more reactive and resulted in higher levels of 
reactive oxygen species (ROS) formation, which can lead to cell death, whilst the FCS 
seems to protect the cells from oxidative stress [182]. The authors believed that the 
difference may have been due to several factors: Firstly the difference in aggregation state, 
as the DPPC solution contained aggregates approximately five times smaller than those 
found in the cell culture medium without serum. Secondly, the DPPC coating may have 
altered the SWCNT surface chemistry. Thirdly, there may have been lipid peroxidation by 
free radicals originating from the MWCNT surface, through the formation of reactive oxygen 
species. Finally, the change in the packing of the DPPC molecules, in the presence of the 
particles, may have altered toxicity. Although these studies demonstrate the possible effect 
PS on toxicity, they do not investigate the changes to the rate and quantity of nanoparticle 
uptake, which could also have been affected. 
Kapralov et al. addressed the impact of PS on cellular uptake by recovering SWCNTs after 
mouse pharyngeal aspiration and seeing how the adsorbed phospholipids altered 
recognition and uptake by RAW264.7 macrophage cells. The SWCNTs were found to 
selectively adsorb phosphatidylcholine, phosphatidylglycerol and surfactant proteins A, B 
and D, and this caused a marked enhancement on in vitro macrophage cell uptake [183]. 
However in study case the corresponding cytotoxicity was not quantified. 
Konduru et al. found that the uptake rate was also significantly higher for phosphatidylserine 
coated SWCNTs than 1,2-Dioleoyl-sn-Glycero-3-Phosphocholine coated or non-coated 
SWCNTs by. Phosphatidylserine is largely responsible for the recognition of apoptic cells by 
macrophages, and so promoted uptake. The toxicity was not altered by the lipid coating; the 
SWCNTs did not induce cytotoxic effects or reduce viability after 24h.  
   
59 
 
In summary, it is very difficult to compare the studies in the literature to determine the 
variables which most effect cytotoxicity and cell damage because of the wide range of 
MWCNT preparation methods, cell lines, dispersion media and toxicity assays used, and the 
complexity of the in vitro model. However the following general findings appear to be quite 
consistent across the literature: 
 MWCNTs longer than 15µm cause inflamation and frustrated phagocytosis, whilst 
short MWCNTs are cleared by the macrophage cells. 
 Functionalising MWCNTs leads to better dispersion and reduced toxicity up to a 
threshold, but a high degree of positive surface charge can lead to more cell damage 
than prisitine MWCNTs. 
 A coating of pulmonary surfactant affects MWCNT dispersion and, to a lesser extent, 
toxicity, and makes studies more physiolgically relevant. 
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2.3.2 Biomolecular Nanoparticle Coronas 
Nanoparticles which contact biological fluids are rapidly covered by a group of specific 
biomolecules to form a corona. The formation of a corona will determine its biological 
identity, as was described with pulmonary surfactant in section 4.1.4.  
Corona formation occurs because the surface of a material has a higher free energy than the 
bulk. The coating of biomolecules lowers the surface energy of the nanoparticle and aids 
dispersion. The corona can be considered as two parts: the strongly bound entities which 
form a hard corona and have a longer residence time, and the external soft corona of weakly 
bound entities which have a lower abundance and are in equilibrium with the surrounding 
fluid [21]. The original corona is likely to be modified by subsequent translocations, however 
studies suggest that at least part of the original corona may be carried into the cell, as 
demonstrated using fluorescent labelling [184, 185]. The original corona therefore plays an 
important role in the subsequent nanoparticle fate. 
2.3.2.1 The Protein Corona 
Proteins are large molecules which consist of sequences of amino acids. Inhaled 
nanoparticles have been shown to be coated by surfactant proteins upon interaction with 
pulmonary surfactant [183]. The role of the protein corona in interactions occurring at the 
nanoparticle-biological interface is currently under much debate. The effect of the 
nanoparticle morphology and surface properties on corona formation is discussed below. 
Particle Morphology  
The morphology of a nanoparticle will determine which proteins can physically pack around 
it. In the case of high aspect ratio nanomaterials, biomolecules may align along the long axis 
and large molecules may be excluded [186]. In a study by Chakraborty et al., far-UV circular 
dichroism spectroscopy was used to evaluate the structure of bovine serum albumin (BSA) 
on the surface of gold nanoparticles (GNP) and gold nanorods (GNR) [187]. The BSA 
underwent minor conformational changes when adsorbed to the GNP. When BSA adsorbed 
to the GNR, there was much more structural perturbation, demonstrating the strong role of 
the particle size and shape in inducing conformational shape changes in proteins. 
Hu et al. found very different protein binding compositions when Fe3O4 NPs were incubated 
with human plasma, with 117, 133 and 100 plasma proteins attached to the 30, 200 and 
400nm diameter NPs respectively [188]. SDS polyacrylamide gel electrophoresis (PAGE) 
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also showed a much higher abundance of plasma proteins on the larger nanoparticles, but 
this was likely due to the increased aggregation of the 30nm NPs. 
Particle Hydrophobicity 
Hydrophobic particles have been found to adsorb higher amounts of protein than particles 
with hydrophilic surfaces. Monopoli et al., using 1D PAGE and liquid chromatography mass 
spectrometry (LC-MS) analysis, found that human plasma bound more to hydrophobic silica 
nanoparticles than those with hydrophilic surfaces [20]. Blunk et al. found the total amount of 
bound protein after 5 min exposure to blood plasma increased with increasing 
hydrophobicity, using polystyrene particles modified to different degrees of hydrophobicity 
with hydrophobic poloxamers, and the techniques 1D PAGE and LC-MS[189]. They found 
distinctly different adsorption profiles between the different NP hydrophobicities, similar to a 
finding by Cedervall et al. [190].   
Particle Surface Charge 
It is likely that protein adsorption is strongly influenced by electrostatic interactions. Gessner 
et al. showed using 2D isoelectric focusing-PAGE that the total amount of bound proteins 
from human blood plasma increased with polystyrene latex NP surface charge density, 
following a 5 min incubation [191]. However, they did not find differences in the corona 
composition. As well as the degree of charge, the charge sign is also a determining factor in 
adsorption of proteins onto the nanoparticle surface. Binding kinetic studies showed a lower 
affinity for binding of proteins to positively charged gold NPs than for negatively charged gold 
NPs [192].  However, surface charge has also been shown to have no effect on the degree 
of protein binding to gold NPs, modified by either positive or negative di-block 
copolymers[193].  
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2.3.2.2 The Lipid Corona 
Although fewer studies focus on lipid coronas than protein coronas, the lipid component is 
very important in inhalation scenarios and also plays an important role in biorecognition. 
When nanoparticles interact with phospholipid bilayers the result is a process known as 
membrane wrapping.  
Particle Morphology 
The surface energy of a bare nanoparticle depends on the radius of curvature which will 
affect the lipids which can bind. Curvature of the lipid membrane is described in the literature 
as a balance of adhesion energy forces and elastic deformation of the membrane. Roiter et 
al. found that, due to the barrier function of the studied lipid bilayer, silica nanoparticles with 
a radii between 1.2 nm and 22 nm were not coated in a L-α-dimyristoyl phosphatidylcholine 
(DMPC)  bilayer membrane [194]. 
N-isopropylacrylamide and N-t-butylacrylamide 50:50 copolymer nanoparticles of two sizes, 
120 nm and 200 nm, were incubated in both whole plasma and isolated lipoprotein fractions 
[195]. The particles were chosen because they have been suggested as drug delivery 
vessels with potential for controlled release. Nuclear magnetic spectroscopy (NMR) showed 
the presence of cholesterol, phospholipids and triglyceride bound on the nanoparticle 
surface.  Peaks were confirmed through 2D total correlation spectroscopy. The amount of 
bound lipids in a non-saturated system was dependent on the surface area presented. At 
equivalent mass, the 120 nm NPs bound 1.4-1.9 times more cholesterol and triglycerides 
that the 200 nm NPs. The amount of bound lipids, therefore, depended upon the total 
surface area rather than pellet volume or the number of nanoparticles.  
Particle Hydrophobicity 
Hydrophobic polystyrene NPs and hydrophilic anionic hydroxyapatite NPs (both with 
diameters ~90 nm) were added to films of Infasurf using the Langmuir Blodgett Trough 
(LBT). Atomic force microscopy (AFM) showed aggregates of the hydrophobic NPs in the 
Infasurf film, while hydrophilic nanoparticles were not present in the film, and so were 
thought to have translocated into the subphase [196]. Molecular dynamics showed that the 
hydrophilic NPs quickly penetrated the PS monolayer. The hydrophobic NPs were 
immediately coated with a PS monolayer via hydrophobic tail interactions and encapsulated 
within lipid protrusions upon film compression. The study also found that the both the 
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hydrophobic and hydrophilic NPs adsorbed SP-B onto the particle surface, despite the 
hydrophobic NPs being trapped in the film.  
Particle Charge 
Gasser et al. found that surfactant lipids from Curosurf bound unspecifically to MWCNTs 
[197]. MWCNTs were dispersed in Curosurf and incubated at 37 °C for 24 h. After washing 
with PBS, it was found that the proportions of bound surfactant lipids were identical to the 
patterns of the complete surfactant, independent of functional groups. Pristine, NH2 
functionalised and COOH functionalised MWCNTs were all tested.  
2.3.3 Techniques Used to Study CNT-PS Interactions 
The lipids adsorbed onto SWCNTs recovered from bronchoalveolar lavage fluid (BALF) after 
pharyngeal aspiration by mice have been measured by liquid chromatography mass 
spectroscopy (LC-MS) [183]. The SWCNTs selectively adsorbed phosphatidylcholines and 
phosphatidylglycerols. Surfactant proteins A, B and D were also detected. The composition 
did not vary between the 2 and 24 h time points. Atomic force microscopy was then used 
to examine the structural characteristics of the surfactant wrapping. Incubation of the 
SWCNTs with the phospholipids resulted in an uninterrupted coating pattern with a height 
2.9 ± 1.4 nm. Molecular modelling showed that the phospholipid molecules orientated 
themselves with their hydrophobic tails on the SWCNT surface and the hydrophilic head 
groups pointing away.  
 
Figure 13. AFM height profile image and section analysis of lipid coated carboxylated 
SWCNTs. Reproduced from Kapralov et al. [183]. 
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In the study by Gasser et al. mentioned above, thin layer chromatography (TLC) was used 
to quantify the amount of bound lipids and TEM confirmed the coating of Curosurf on the 
pristine MWCNTs after a washing step[197].  
 
Figure 14. TEM of Curosurf coated pristine MWCNTs from a study by Gasser et al. [197]. 
The scale bar is 0.5µm. 
The DPPC-MWCNT interaction has been investigated mainly through theoretical work. 
Wallace et al. demonstrated that DPPC may wrap around MWCNTs to minimize contact 
between water and the hydrophobic CNTs. They predicted a planar bilayer structure of the 
DPPC which was smoother than the striation structures seen for lysophosphatidylcholines 
and dihexanoylphosphatidylcholine, due to the preference of DPPC to form bilayers rather 
than micelles in an aqueous environment [198].  
In order to study the interaction of CNTs with PS in its most physiologically relevant form, the 
PS needs to be at an air-water interface, as a monolayer. The Langmuir Blodgett trough can 
be used to obtain this structure. 
2.3.3.1 Langmuir trough isotherms  
The Langmuir Blodgett Trough (LBT) measures the behaviour of an insoluble film on the 
surface of a liquid during compression and expansion. It was created by Langmuir to test his 
hypotheses surrounding the stability of films comprising a single layer of atoms bound by an 
underlying surface [199]. 
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The first interest in mono-molecular layers is credited to Benjamin Franklin in 1774, when he 
spread oils onto the surface of the pond in Clapham Common and found that one teaspoon 
of oil had a ‘calming’ affect over half an acre of water, and reported this finding to the Royal 
Society of London. If 1 teaspoonful is assumed to be 5 ml, this would mean a film thickness 
of 2.5 x 10-7 m (approximately 100 layers) covered the ‘half acre’ area [200]. Modern studies 
of molecular films began in 1891, when Agnes Pockels experimented with a simple ‘trough’ 
in her kitchen which included the first report of monolayer containment using a barrier. 
Langmuir advanced the understanding of the molecular nature of mono-molecular films with 
his work ‘The Constitution and Fundamental Properties of Solids and Liquids’ in 1917 [199]. 
Langmuir’s initial work mostly involved fatty acid salts, and he reported the transfer of these 
films onto solid substrates as early as 1920 [201]. The first detailed description of sequential 
monolayer transfer was the given by Blodgett in 1935 [202]. Interest in Langmuir Blodgett 
films reduced with World War 2, but was then resurged in the 1960s with work by Kuhn and 
Mobius on how monolayers could be used to construct precise supermolecular structures. 
Their work combined with a publication by Gaines in 1966 entitled ‘Insoluble Monolayers at 
Liquid Gas Interface’ in 1966 revived interest. 
Langmuir-Blodgett films are now used in the fields of electronics, optics and biotechnology. It 
is especially useful for studying the physical and structural behaviour of pulmonary 
surfactant films, as it mimics the air-water interface found within the lung, and the 
expansion/contraction cycles which occur during respiration.  
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2.3.4 Interactions of Silver Nanoparticles and Graphene with PS 
Two other common nanoparticles which are investigated in this thesis are silver 
nanoparticles and graphene. Their potential inhalation toxicity and previous literature on 
nanoparticle-PS interactions are discussed below.  
2.3.4.1Silver  
Silver nanoparticles (AgNPs) are used in a variety of commercial applications such as in 
electronics, bio-sensing, clothing, paints, sunscreens, cosmetics and medical devices [203]. 
The widespread use of AgNP is partly because silver ions and nanoparticles are known to 
have antimicrobial properties [204]. Sung et al. showed that silver nanoparticle inhalation 
could negatively impact in vivo murine lung function by causing inflammation and a reduction 
in tidal volume [205]. Conversely, a later study by the same group found no adverse effects 
below 100 µg/m3 [206], a difference they were unable to explain. AgNPs pose a more 
complicated interaction with PS than inert particles, due to their dissolution and reactivity. 
Ag+ ions can be released in the aqueous state, making it necessary to distinguish between 
the toxic effects of AgNP and dissolved Ag+ when considering their inhalation.  
It has recently been shown that the antimicrobial properties of AgNPs to E. coli stems from 
the localised release of Ag+ ions, accelerated by the acidic and aerobic environment of the 
bacteria [207]. This release could disrupt the outer membrane of bacteria, enhancing AgNPs 
and Ag+ ions uptake leading to a reduction in cell viability. Other studies agree with this 
toxicity mechanism. When the Ag+ binding agent cysteine was added to AgNP and AgNO3 
solutions, the effects of AgNO3 were mitigated, but the toxicity of the AgNPs to Lolium 
multiflorum (common grass) was not reduced. It was concluded that although the 
oxidation and dissolution of the AgNPs may drive toxicity, the nanoparticle delivery localised 
the impact [208]. Similarly, AgNPs were more toxic to Chlamydomonas reinhardtii than 
AgNO3 at the same Ag
+ concentration [209].  Xiu et al. exposed E. Coli to AgNPs in minimal 
media, and under anaerobic conditions, to create an environment where Ag+ levels were <1 
μg/ml. Viability assays showed that use of anaerobic conditions resulted in no significant 
toxicity, compared to control aerobic conditions where the AgNPs were toxic [210]. Yang et 
al. tested the toxicity of a range of AgNPs, and found that the most soluble AgNPs were the 
most toxic, again suggesting that it is the Ag+ ions which induce toxicity. However both in-
house and commercial (NanoAmor) AgNPs, were used in the study, making direct 
comparison difficult.  
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In a recent study, Su et al. found a bigger in vivo toxic response from AgNP rich regions, 
rather than the Ag+ dominated organs, after intravenous administration to living rats [211]. 
They concluded that the major source of AgNP toxicity was the nanostructure, however it 
was most likely due to the combination of AgNPs and the in vivo dissolution of Ag on the 
particle surface.  
The Ag+ ions released from AgNPs which are exploited in anti-bacterial applications can 
have an adverse effect on the lung during inhalation. Ag+ can damage proteins by 
desulphurisation [212] and by generating reactive oxygen species (ROS) [213]. The degree 
of damage is therefore highly dependent on the rate of dissolution. Dissolution of 14nm 
citrate coated AgNPs in DPPC was shown by Leo et al. to be very slow at pH 7 and pH 5 
with less than 2% dissolution in more than 300 h [214].  The DPPC also improved dispersion 
and reduced aggregation and coarsening (Figure 15). 
The interaction between AgNPs and DPPC was shown to be through hydrogen bonding and 
electrostatic interactions. Hydrophobic silver-decanethiol NPs (~ 5.7nm diameter) were 
incorporated into DPPC bilayers, reducing lipid ordering [215]. 3-4 nm hydrophobic 
stearylamine coated AgNPs increased the fluidity of DPPC bilayers when entrapped within 
the hydrophobic core of DPPC liposomes [216]. The impact of AgNP on PS lipid monolayers 
is unknown. 
 
 
Figure 15. Left, A schematic illustration of a model of DPPC bilayer structure coated outside 
citrate stabilized AgNPs. Right, a TEM image of AgNPs incubated in pH 3 solution in the 
presence of DPPC, for 1 day. Samples negatively stained with uranyl acetate to enhance 
contrast of lipid coating. Reproduced from Leo et al. [214]. 
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2.3.4.2 Graphene 
Graphene is a single atomic-layered carbon material. Known for its excellent electron 
mobility and mechanical properties, as well as its unique physical and chemical and 
magnetic properties, it is now used on a large scale [217]. Schinwald et al. showed that 
nanoplatelets of few layer graphene (FLG) up to 25 µm in diameter were respirable [218]. 
Calculations of the aerodynamics of commercially available nanoplatelets which considered 
the gravitational settling force and aerodynamic resistance, demonstrated that FLG with a 
projected area diameter of 25 µm and a thickness of 0.1 µm, has an aerodynamic diameter 
of ~ 3µm. The FLG caused in vivo (pharyngeal aspiration) and in vitro inflammogenicity. The 
in vitro experiments showed frustrated phagocytosis of the FLG by macrophages. 
Due to its hydrophobic nature, pristine graphene tends to aggregate. In vivo experiments 
carried out by Duch et al. showed that aggregated graphene lodged in the airways of mice 
after intratracheal instillation and cause a local fibrotic response [219]. However, despite the 
initial obstruction, neither the aggregated materials, nor pluronic dispersed graphene (1.2 to 
5.0 nm thickness with areas up to 40 000 nm2), induced apoptosis in the lung cells. The 
difference in results between this study, and the study by Schinwald et al. may be due to the 
different instillation methods or the different graphene morphologies used. 
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Figure 16. Representative simulated trajectories of graphene nanosheet insertion and lipid 
extraction in the outer membrane (pure POPE) and inner membrane (3:1 mixed POPE–
POPG) of E. coli (the snapshot times are shown in the top left corners). Water is shown in 
violet and the phospholipids in tan lines with hydrophilic charged atoms as coloured spheres 
(hydrogen, white; oxygen, red; nitrogen, dark blue; carbon, cyan; phosphorus, orange). The 
graphene sheet is shown as a yellow-bonded sheet, with a large sphere marked at one 
corner as the restrained atom in simulations. Extracted phospholipids are shown as larger 
spheres. Reproduced from Tu et al. [220]. 
The interaction between graphene and a variety of lipids has been quantified using a range 
of techniques. Graphene has been shown via TEM and molecular dynamics (MD) to interact 
so strongly with phospholipids, that they can penetrate into cell membranes and extract large 
amounts of phospholipids (Figure 16) [220]. Titov et al. showed, using MD, that graphene 
tends to sit with the hydrophobic core of POPC lipid bilayers [221]. Continuous and fluid 
DOPC membranes were formed on reduced graphene oxide, by the vesicle fusion method 
[222]. The impact of graphene on PS lipid monolayers is unknown. 
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2.3.5 Summary 
The literature is currently lacking studies which systematically investigate the fundamental 
interaction between lipids and high aspect ratio nanomaterials, such as CNTs and graphene, 
resulting in a significant knowledge gap when considering the physiological consequences of 
CNT and graphene inhalation. More research into the impact of CNTs and other 
nanoparticles on lipid membranes is needed to complement the toxicity data available. 
It is important to know if CNTs can pierce and significantly damage the lipid membrane, and 
how they impact the molecular packing of PS monolayers, especially the surface tension 
lowering lipids, as these interactions determine the functioning of the PS. Other important 
functions to consider are the possible impact of CNT inhalation on lung elastance and the 
work required to breathe. These functions are again largely determined by the PS, and so an 
extensive understanding of the NP-PS interface will lead to a better understanding of the 
risks of CNT inhalation, as well as other nanoparticles. 
2.4 Thesis Aims 
The aims of this PhD were twofold. Firstly, to investigate the impact of MWCNT morphology 
and charge on PS model monolayers, looking at the effects on the biophysical behaviour of 
PS, its interfacial structure and the formation of a lipid corona on the NP surface. Secondly, 
to rank the cytotoxicity of commercially available MWCNTs to the lung macrophage cells, 
after extensive characterisation, in order to understand what characteristics influence the 
toxicity and cellular uptake of materials likely to become airborne in research facilities.  
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3. Experimental  
Techniques 
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3.1 Nanoparticle-lipid Interactions 
3.1.1 The Langmuir-Blodgett Trough 
3.1.1.1 Langmuir Film Theory 
Langmuir films consists of surface active agents (‘surfactants’) trapped at in interface 
between two dissimilar phases, either liquid-liquid or liquid-gas. Surfactants are molecules 
which are amphiphilic – they have a hydrophilic component and a hydrophobic component. 
The hydrophilic groups, such as carboxylic acids, amines and alcohols, are attracted to polar 
media such as water, with predominantly Coulomb type interactions (1/r2). The hydrophobic 
groups are much less water soluble, with predominantly van der Waal’s type interactions 
(1/r12 and 1/r6).  
When surfactants are dissolved in a non-aqueous volatile solvent, such as chloroform, and 
introduced onto the surface of a polar liquid (typically water), the solvent evaporates leaving 
the surfactants oriented at the liquid-gas interface [200]. The hydrophilic head group 
submerges into the bulk of the water and the hydrophilic tail points into the air. An ordered 
film, known as a Langmuir film, can be created by pulling a barrier across the water to 
compress the molecules. 
 
Figure 17. Schematic of surfactant monolayer compression. Reproduced from the Nima 
Manual [200]. 
3.1.1.2 Isotherm Theory 
Unlike in the bulk of a solution, molecules at the surface have an unequal net force. This 
gives rise to surface tension, which can be defined at the work required to expand the 
surface isothermally per unit area. Surface active molecules accumulate at the interface to 
lower the surface tension. The characteristics of a surfactant monolayer on the surface can 
be studied by measuring the changes in surface tension when compressing the monolayer 
at a constant temperature. A reduction is surface tension is known as surface pressure. 
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Surface pressure is measured on the Langmuir trough by immersing a Wilhelmy plate across 
the air-water interface and measuring the force exerted upon it. 
 
Figure 18. Schematic of a plate suspended across the air-water interface. Reproduced from 
the Nima Manual [200]. 
3.1.1.3 Force derivation1 
Gravity and surface tension are the forces which act upon the Wilhelmy plate, pulling it down 
into the water. Buoyancy from the displaced water is acting upwards. The next force 
downwards is: 
Force = weight – upthrust + surface tension 
The plate volume is l x w x t, where l is the length, w the width and t the thickness, and it has 
a density of ρP. The plate is immersed into water at a depth, d. The density of the liquid is ρL, 
γ is the surface tension of the liquid, g is the acceleration due to gravity and θ is the contact 
angle of the liquid to the plate. Therefore the downwards force can be written as: 
Force = g(ρPlwt) – g(ρLdwt) + 2(w+t)(γ)cosθ 
                                               
1
 Adapted from ref223. Martin, P. and M. Szablewski, Langmuir-Blodgett TroughsOperating Manual 
6th Edition ed. F. Grunfeld. 2004, Milton Keynes, England.. 
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The pressure reading is zeroed before taking a measurement, eliminating the weight term. 
The plate is also kept at a constant level by the balance, eliminating the upthrust term. 
Therefore: 
Force = 2(w+t)( γ)cosθ 
The paper plate ensures a contact angle of 0°, reducing the expression to: 
Force = 2(w+t)(γ) 
Therefore, for a paper Wilhelmy plate, the surface tension is: 
γ = Force / 2(w+t) = Force / perimeter 
Hence for a 10.25 mm wide, 0.25 mm thick paper plate, a 100 mg weight gives a reading of 
46.7 mN/m and so is used to calibrate the Lanmguir trough before each experiment.  
3.1.1.4 Langmuir Isotherm Method 
All reported measurements were performed using a Langmuir trough (KSV Nima, UK) with a 
total operational area of 85.4 cm2.  This trough is equipped with two Delrin barriers allowing 
symmetrical compression and expansion of the interface. Measurements took place at room 
temperature (22 ± 1°C). DPPC is typically tested at room temperature ~20°C [224-227] due 
to the transition from its gel phase to its liquid crystal phase occurring above body 
temperature at 41 °C. It has been shown that temperature variations between 20°C and 
37°C do not change the collapse pressure of DPPC films [228]. The sub phase was Millipore 
deionised water (resistance 18.2 MΩ.m at 25°C). The films were compressed and expanded 
four times before obtaining the isotherm data, to allow for the equilibration processes in the 
film during the experiment [229]. A barrier speed of 5 cm2/ min (equivalent to 0.13 Å2/mols-1) 
was used to account for the slow kinetics of pure DPPC  [227].  
Statistical Analysis 
All quantitative experiments were repeated at least three times. Data was expressed as the 
mean ± standard error. Statistical analyses were carried out using one-way ANOVA in Origin 
9.1. Differences were considered statistically significant when the p value was less than 
0.05. All isotherms are representative of a typical dataset for each sample. 
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3.1.1.5 Langmuir Film Preparation 
3.1.1.5.1 DPPC 
DPPC monolayers were formed by dissolving DPPC (Sigma) in chloroform (Sigma, 
anhydrous, ≥99%, contains 0.5-1.0% ethanol as stabilizer) at a concentration of 100 µg/ml.  
For the DPPC films which contained carbon nanotubes, carbon black or graphene, a             
1 mg/ml stock solution was made with the addition of nanopowders to DPPC solution, and 
was subsequently diluted. All samples were sonicated for 10 min (bath sonication, 45 W) 
prior to being spread uniformly throughout the air-water interface using a 50 μl microsyringe 
(Hamilton). The initial volume was controlled to be 90 μl and all films were left for 30 minutes 
to allow chloroform evaporation. 
3.1.1.5.2 Murine Pulmonary Surfactant 
For the Langmuir studies, the lipid extract of the large aggregate fraction provided by the 
National Heart at Lung Institute was used, for a direct comparison to DPPC lipids. There was 
variation in the behaviour of the different rat and exposure types, and so each was optimised 
and the data considered as changes w.r.t the control data. 
MWCNT Addition 
Pulmonary surfactant monolayers were formed by a modified Bligh & Dyer extraction of 
saline suspended pellets of the large aggregate fraction from Sprague Dawley rats [230]. 
Lipids were extracted from 20 μl of the LA saline suspension and then diluted to an organic 
phosphate concentration of 4μg/ml with chloroform (Sigma, anhydrous, ≥99%, contains 0.5-
1.0% ethanol as stabilizer), or a solution of MWCNTs in chloroform. 10μl of sample was 
added to the Langmuir trough. Pulmonary surfactant films were left for 30 min for chloroform 
evaporation. 
Rats exposed to citrate and PVP capped silver nanoparticles 
Sprague Dawley (SD): Lipids were extracted from 10 µl of LA saline suspension and then 
diluted to an organic phosphate concentration of 20 µg/ml with chloroform (Sigma, 
anhydrous, ≥99%, contains 0.5-1.0% ethanol as stabilizer). 10μl of sample was added to the 
Langmuir trough. Pulmonary surfactant films were left for 30 min for chloroform evaporation. 
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Brown Norway Rats (BN): Lipids were extracted from 20 µl of large aggregate (LA) saline 
suspension and then diluted to an organic phosphate concentration of 1 µg/ml with 
chloroform (Sigma, anhydrous, ≥99%, contains 0.5-1.0% ethanol as stabilizer). 30μl of 
sample was added to the Langmuir trough. Pulmonary surfactant films were left for 30 
minutes for chloroform evaporation. 
5.1.5.3 Modified Bligh and Dyer Extraction Sample Preparation 
 0.8 volume parts of sample + 3 parts of 1:2 chloroform -methanol mixture 
 Vortex for 2 min 
 Leave for 30 min at room temperature 
 Add 1 volume part chloroform and vortex 30 s 
 Add 1 volume part deionized water and vortex 30 s 
 Leave to sit at room temperure for 2 h 
 Solution splits into two fractions: the lower layer is the organic phase, containing 
virtually all the lipids in chloroform, the upper layer is the aqueous phase and 
contains the non-lipid contaminants. 
 Remove lower phase and dilute with chloroform for addtion to the Langmuir trough. 
5.1.5.4 Rat lung lavage method 
Rat lung lavage was performed by Dr. Joanna Seiffert of the National Heart and Lung 
Institute. The method used is outlined below. 
SD (12-14 weeks old, 300-400 g) were purchased from Charles River.  Rats were sacrificed 
by an overdose of sodium pentobarbital (200 mg/Kg) and lavaged with 2 x 10.5 mL saline via 
a tracheal cannula. The bronchoalveolar lavage (BAL) was centrifuged at 219 g to pellet the 
cells and the supernatant was centrifuged again at 28110 g for 1 hour at 4°C to separate it 
into large aggregate (LA) and small aggregate (SA) fractions.  The pellet (LA) was re-
suspended in 40 uL saline. BAL lipid components were extracted from the LA by a Bligh and 
Dyer extraction and total organic phosphate was measured following perchloric acid 
digestion for 1 hour at 200°C, by the method of Bartlett  against a potassium phosphate 
standard curve [231] .  
The experiments were performed within the legal framework of the United Kingdom under a 
Project License granted by the Home Office of Her Majesty's government. The researchers  
at the National Heart and Lung Institute hold Personal Licenses provided by the Home Office 
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to perform the experiments in the rat species described here (Project Licence number: PPL 
70/7581)’. 
Silver nanoparticle samples: 
Instillation of Ag particle suspensions or control solutions into the trachea of BN rats (male; 
300-400g; 8-12 weeks old) and SD rats (250-350 g; 8-12 weeks) was performed under 
isoflurane anaesthesia (3.5 minutes/3.5% isofluorane /3.5 O2). BN rats were instilled with 0.3 
mL of 1:10 dilutions of the 1.0 mg/mL of each of the 4 Ag particle suspensions, equivalent to 
0.1 mg/kg body weight. SD rats were administered only the 20nm Ag particles suspensions. 
BN rats were instilled with control solutions of 0.3 mL of either distilled water or 1mM citrate 
(pH7.4), or suspensions of polyvinylpyrrolidone (PVP) in water.   
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3.1.2 Atomic Force Microscopy 
Atomic force microscopy (AFM) is a technique which involves scanning a sharp probe 
across a surface while monitoring and compiling the tip-sample interactions to provide an 
image. An advantage of AFM over other microscopy techniques is the ability to make 
measurements in three dimensions, and the resolution in the x,y plane is 0.1 to 1.0 nm and 
in the z direction of 0.01 nm [232].  
 
Figure 19. Schematic of an AFM. Reproduced from Wikipedia Commons, 2009. 
The basis of the AFM is the measurement of the force between the probe and the sample. 
Typically the forces contributing most to the movement of the cantilever are the strong, short 
range repulsive forces between the electron clouds of the tip and sample, known as 
coulombic forces, and longer range attractive forces due to temporary fluctuating dipoles, 
known as van der Waals interactions.  
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3.1.2.1 Modes of Operation 
There are three modes of operation: contact mode, tapping mode and non-contact mode. 
Contact Mode 
In contact mode, the sharp tip is rastered across the sample, with an extremely low force (~ 
10-9 N) being used to push the tip against the sample [232]. The tip contacts the surface 
through an adsorbed fluid layer on the sample surface. The detector measures the deflection 
of the cantilever which supports the tip. For a cantilever beam of spring contstant k, the force 
of the tip may be calculated from Hooke’s Law, F = -kz, where z is the displacement of the 
cantilever. A feedback circuit maintains a constant deflection of the cantilever. 
Tapping Mode 
In tapping mode, the cantilever oscillates at or just below its resonant frequency, lightly 
‘tapping’ the sample during scanning. The typical range of the oscillation is 20 nm to 100 nm 
[233]. The oscillation is damped when the tip is closer to the surface due to interaction forces 
such as Van der Waals forces, dipole-dipole interactions and electrostatic forces, and so the 
change in oscillation amplitude can be used to measure the distance between the tip and the 
surface.  The feedback circuit adjusts the probe height to maintain a constant amplitude of 
oscillation. 
Non-Contact Mode  
The cantilever oscillates slightly above the resonant frequency, near the surface of the 
sample without contacting it. Van der Waals forces decrease the resonant frequency just 
above the surface, reducing the amplitude of oscillation. This technique works best under 
high vacuum conditions because the adsorbed fluid layer can be much thicker than the 
region where van der Waals forces are significant [234]. Without a high vacuum, the probe 
can become trapped in the fluid layer, or be out of range of the van der Waals forces it is 
trying to measure. 
3.1.2.2 AFM Method 
For atomic force microscopy, the Langmuir monolayers were compressed to 30 mN/m and 
held for 15 minutes. A previously submerged silicon wafer (Agar Scientific, with a (111) 
crystallographic orientation) was then vertically drawn through the monolayer at a rate of 3 
   
80 
 
mm/minute using a pulley system driven by a rotary motor (Cruzet geared DC motor, 1.5 
rpm 12V).  Samples were dried under vacuum prior to imaging. 
Silicon wafer cleaning: Wafers were first rinsed with acetone and then Millipore water. 30ml 
of H2SO4 was added to a beaker containing the wafers, followed by the slow addition of 10ml 
H2O2. This solution was left overnight and then poured into 500 ml of cold Millipore water. 
Individual wafers were removed using plastic tweezers. 
Images were taken on a Bruker Multimode 8 and NanoScope V controller using tapping 
mode with silicon tips (spring k = 42N/m, PPP-NCH from Asylum Research). Images were 
taken at a scan speed of 0.5 Hz with 512 lines and box sizes of 1, 5, 10 and 15 μm2. Images 
were analysed with Gwyddion software. 
3.1.3 Preparation of Lipid Coated MWCNTs for TEM 
TEM samples were prepared by bath sonication (VWR Ultrasonic Cleaner, 80W) of 1 mg/ml 
DPPC (Sigma) in deionised H2O (Millipore, resistance 18.2 MΩ.m at 25°C) until a uniform 
dispersion was achieved. Then MWCNTs were added in powder form at a CNT-lipid ratio of 
1:1. The mixture was then sonicated for a further 15 min and left to stand for 2h. The sample 
was drop-cast onto holey carbon TEM grids (Agar). The TEM grid was then negatively 
stained with 2 wt% uranyl acetate solution [235]. Bright field imaging was carried out at 200 
kV on a JEOL 2100F and at 80 kV on a FEG Titan. The theory of transmission electron 
microscopy is outlined in chapter 3.3. 
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3.2 Carbon Nanotube Synthesis  
Carbon nanotubes were synthesized using injection-assisted chemical vapour deposition, 
using a Lenton PTF15/-/610 furnace (max operation 1450°C) [236]. The furnace was fitted 
with a 50 mm quartz reaction tube (length 1650 mm, outer diameter = 51. 0 ± 0.5 mm, inner 
diameter 2.5 ± 0.2 mm, Robson Scientific). The quartz reaction tube was sealed by quick fit 
O-rings (stainless steel 304L, custom made) which were compatible with DN5oKF flanges, 
LewVac Components Limited, West Sussex, UK). 
 
Figure 20. Schematic of ICVD Set-up. 
A feed solution of 1.5 wt% ferrocene (98% purity, Sigma Aldrich) in toluene (anhydrous, 
99.8% purity, Sigma Aldrich) was injected continuously into the reaction tube at a rate of      
5 ml/h using a syringe pump (KDS100, Linton). The precursor materials were preheated to 
200 °C, volatilised, and carried into the reaction chamber by an 2000 SCCM argon flow 
where they were heated at 760 °C for 1 h. Exhaust gases were passed through a carbon 
filter and then a paraffin bubbler. 
MWCNTs were removed from the walls of the quartz tube using a specially adapted ‘scraper’ 
consisting of a pole with a semi-circular PTFE head attachment. The removal was carried 
out inside a HEPA filtered fume hood, where the MWCNT powders were collected in glass 
vials. CNT length was measured at 35µm, SD = 19, and diameter 44nm ± 2 nm. Typical 
yield was 0.6 g. 
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Table 1. In-house ICVD MWCNT Synthesis Method 
Activity Activity 
Duration 
(min) 
Ar Flow Rate 
Flush out tube 
with Ar 
20 500 
Flush out tube 
with Ar 
20 1000 
Heat furnace to 
760 °C at 
10°C/min and 
turn on 200 °C 
pre-heater 
~ 76 min 500 
Start injection 60 2000 
Cool to < 100 °C ~ 4 h 500 
Turn off furnace   
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3.3 Carbon Nanotube Characterisation 
3.3.1 Transmission Electron Microscopy (TEM) 
3.3.1.1 Electron Imaging 
Electrons have both wave and particle properties, as hypothesized by de Broglie in 1927 
[237]. Their wave-like properties mean that a beam of electrons can be made to behave like 
a beam of electromagnetic radiation. The de Broglie equation relates the wavelength of 
electrons to their kinetic energy. The equation shows that the wavelength of an electron is 
inversely proportional to its momentum. In the case of electrons travelling close to the speed 
of light such as in the transmission electron microscope (TEM), relativistic effects must also 
be accounted for.  The wavelength λ of an electron which has rest mass m0 and accelerated 
by potential V can then be described by the following equation: 
𝜆 =  
ℎ
√2𝑚0𝑒𝑉(1 +
𝑒𝑉
2𝑚0𝑐2
 
 e is the electron charge. 
Where eV is much smaller than m0c
2, the relativistic component 
𝑒𝑉
2𝑚0𝑐2
 tends to zero. 
3.3.1.2 Transmission Electron Microscopy 
In transmission electron microscopy, the sample is irradiated with a beam of electrons of 
uniform current density. Electrons are generated by thermionic, Schottky or field emission 
and then accelerated by an electric potential. The electron beam then passes through a 
series of two or three condenser lenses, for a conventional and FEI Titan high resolution 
microscope respectively. The condenser lens system allows variation of the illumination 
aperture and the area of the specimen illuminated. The objective lens focuses the electrons 
onto the back focal plane. The intensity distribution behind the sample is imaged with a lens 
system, composed of three to eight lenses, onto a fluorescent screen coupled by a fibre-
optic plate to a CCD camera [238]. The typical wavelengths of electrons travelling in the 
TEM are 0001 to 0.01 nm. However, in reality, other factors originating within the TEM set-
up limit the resolution. 
   
84 
 
 
 
Figure 21. Ray diagram of the TEM in bright field mode, reproduced from Reimer et al. 2008 
[238]. 
The process of image formation in the conventional transmission electron microscope is 
analogous to an optical microscope, in which image contrast is produced by variation in 
optical adsorption from point to point on the specimen [239]. Electrons images are 
interpreted in a similar way, but instead of adsorption, electrons are lost by large angle 
scattering outside the objective aperture (in the case of bright field imaging) or through 
energy loss bringing them to a focus on a plane far distant from the viewing screen. 
There are two main mechanisms: 
 Mass thickness contrast: Electrons are scattered off-axis by elastic scattering 
events when passing through the sample. Regions which are thicker, or of higher 
density, will scatter more strongly and appear darker in the image.This contrast 
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mechanism is exploited by biological microscopists through heavy metal staining 
methods. 
 Difraction Contrast: Scattering is greatly increased when the electrons are at 
particular orientations to a crystalline sample, known as Bragg scattering. Electrons 
are scattered to discrete locations at the back of the focal plane. Specific reflections 
can be selected or excluded using the objective aperture. 
3.3.1.3 High Resolution Transmission Electron Microscopy 
The high resolution TEM (HRTEM) is analogous to the optical phase contrast microscope, 
created by biological microscopists in the 19th century to get sufficient contrast from their 
thinnest specimens. The image is formed by interference between the diffracted and 
undiffracted beam, so that the phase of the diffracted beams contributes to the contrast, not 
just their amplitude [240]. The interference can result in the appearance of periodic intensity 
variations in the image which correspond to atomic columns. In phase contrast imaging, the 
relative phases, and so the image, are influenced by the atomic number, the defocus and 
aberrations of the lenses. The aberrations must therefore be adjusted so that the phase of 
the wave at the specimen exit plane is converted into amplitudes in the image plane. 
Aberrations 
Aberrations are caused by imperfections in the lenses. There are three ways in which the 
lenses in the microscope can limit the resolution. 
 Spherical Aberrations: Caused by electrons further away from the lens axis being 
more strongly deflected back by the lens. 
 Chromatic Aberrations: The electron beam consists of electrons which vary in 
energy, leading to electrons of lower energy being deflected more strongly by the 
objective lens than those with higher energies. 
 Astigmatism: A result of imperfectly symetrical magnetic fields. 
The FEI Titan is fitted with a spherical aberration corrector (Cs) and a monochromator to 
reduce aberrations. Generally Cs correctors comprise non-round lenses which do not suffer 
from spherical aberration [241]. In the case of the Titan, the Cs consists of two 
electromagnetic hexapoles and four additional lenses (Figure 22). 
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Figure 22. Schematic of the Titan Cs corrector, where OL is the objective lens. H1 is 
hexapole lens 1 and H2 is hexapole lens 2. The green line is the off ray axis and the blue 
line is the axis ray.  (Figure adapted from CETCOR User Manual: FEI Company) 
The non-rotational symmetric aberrations caused by the first hexapole are compensated for 
by the second hexapole lens [242]. By varying the strength of the hexapole, the spherical 
aberration from the objective lens can be compensated for. 
3.3.1.4 TEM Method 
MWCNT powders were dispersed in 10 ml deionised water with 10 minute bath sonication 
(VWR Ultrasonic Cleaner, 80W) followed by 2 minute probe sonication at 30% power 
(Sonics Vibra Cell™, 750W). Solutions were then drop cast onto lacey carbon coated copper 
TEM grids (TAAB, 400 mesh, 3 mm copper grid) supported by filter paper. Bright field (BF) 
and high resolution phase contrast imaging was carried on an FEI Titan 80-300 
scanning/transmission electron microscope (S/TEM) operated at 80kV. Bright-field TEM (BF-
TEM), and high-resolution TEM (HRTEM) images were captured on a Gatan 2kx2k CCD 
camera US1000. The accelerating voltage used in this study was 80kV which is below the 
critical threshold energy predicted for severe knock-on damage in CNTs [243].  In order to 
confirm that no damage to the MWNTs had occurred under the electron beam, we 
conducted time course beam damage studies. In our HRTEM images, no visible damage to 
the MWNTs was observed after direct exposure to the beam for 60 min. Diameter statistics 
were taken from approximately 150 different carbon nanotubes. Inner and outer diameter 
were measured manually using Fiji, a distribution of the Open Source software ImageJ 
focused on biological image analysis [244].  
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3.3.2 Scanning Electron Microscopy (SEM) 
Scanning electron microscopy is used to analyse bulk specimens. Electrons are generated 
from a thermionic, Schottky or field-emission cathode and accelerated through a voltage 
difference between a cathode and anode which can be between 0.1 and 50 kV[245]. Low 
voltage SEM encompasses 0.1 – 5 kV. The beam cross section at the gun is demagnified by 
a two or three stage electron lens system, resulting in a probe diameter of 1-10 nm, carrying 
a probe current of 10-9 – 10-12 A at the specimen surface. A deflection coil system scans the 
electrons across the specimen and the emitted electron signal is captured by specialized 
detectors. Electron amplifiers then magnify the signals, which are displayed as an image. 
 
Figure 23. Schematic drawing of the SEM. Reproduced from Kursheed 2011 [246]. 
3.3.2.1 Electron Specimen Interactions 
The energy spectrum of emitted electrons consists of secondary electrons (SE), 
backscattered electrons (BSE) and Auger electrons. Secondary and Auger electrons are 
highly susceptible to elastic and inelastic scattering and can leave the specimen from a very 
thin surface layer a few nanometres thick. 
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Figure 24. The interaction volume of secondary electrons (SE), backscattered electrons 
(BSE), Auger electrons (AE) and X-rays; Energy spectrum of emitted electrons. Reproduced 
from [247]. 
Secondary Electrons 
Secondary electrons (SE) have low exit energy from the sample and so can be easily 
collected by positively biased collector grid placed on one side of the specimen. The 
electrons are accelerated onto a scintillator behind the collector grid biased at 10 kV and the 
light generated is recorded by a photomultiplier. The SE yield depends on the tilt of the 
specimen surface, and so there is enhanced emission at edges and small particles. The 
shadow contrast formed is used to image surface topography.  
Auger Electrons 
When the primary electrons ionise atoms in the illuminated region of the specimen, 
subsequent relaxation can lead to the emission of Auger electrons. Auger electrons are 
emitted at discrete energies characteristic of elements in the particular part of the sample 
surface. It is an extremely surface sensitive technique, with an analysis volume 
approximately two orders of magnitude less than SEM/EDX analysis. 
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Back Scattered Electrons 
Back scattered electrons are elastically scattered high energy electrons. They escape from 
deep within the specimen and exit far from the point of entry. With a detector below the 
polepiece and high take-off angles, topographic signals are supressed and the micrographs 
produced mainly identify domains of different density. Contrast in this mode originates from 
the difference in atomic number between different regions of the sample: an increase in 
atomic number increases the yield of both secondary and back-scattered electrons, as 
heavier elements have more orbital electrons available, with a weaker binding energy, which 
can interact with migrating electrons [248].  
Aberrations 
SEM suffers from spherical and chromatic aberrations as outlined in chapter 3.3.1.3. These 
are minimised by aligning the incident beam along the optic axis. 
3.3.2.2 SEM Energy-dispersive X-ray spectroscopy 
Energy dispersive X-ray (EDX) analysis is used to identify the elemental composition of an 
area of interest. When the electron beam interacts with the specimen, it can prompt the 
ejection of an electron from an inner shell, forming an electron hole. When the hole 
recombines with an electron from a higher energy level, the excess energy is released in the 
form of an X ray. This creates a spectral line, characteristic of a particular element. 
3.3.2.3 SEM and EDX Methods 
CNT powders were dispersed in 10ml of absolute ethanol with 1 hour bath sonication (VWR 
Ultrasonic Cleaner, 80W). Solutions were then drop cast onto silicon wafers. The samples 
were then imaged using the LEO Gemini 1525 FEGSEM.  An accelerating voltage of 5kV 
was used for all SEM imaging. Length statistics were taken from approximately 100 different 
carbon nanotubes from each sample. 
EDX measurements were completed on a LEO Gemini 1525 FEGSEM by Adam J. Clancy. 
The EDX was calibrated against gold using a beam voltage of 100 keV, 100 μm aperture 
and a working height of 10 mm. Measurements were taken until at least 10,000 counts had 
been measured between 0 and 20 keV. Peaks were assigned using INCA viewer v1.2.30. 
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3.3.3 Raman Spectroscopy 
3.3.3.1 Raman Theory 
Raman spectroscopy utilises a monochromatic beam of radiation to interact with a sample to 
determine the vibrational, rotational and other low frequency modes in a system. It can be 
used to collect a ‘chemical fingerprint’ of a molecule. 
Some of the incident photons will be scattered inelastically from the sample molecules, 
resulting in the emission of radiation in the form of phonons. The inelastically scattered 
electrons can either lose energy, known as Stokes radiation, or gain energy, anti-Stokes 
scattering. The energy change is quantised and corresponds to the vibrational energy 
spacing in the electronic ground state, and so measuring the wave number of the shift tells 
us the vibrational energy of the molecules in the system. 
Raman scattering processes can be divided into two modes: first-order and second order. 
First order Raman scattering processes involve only one phonon and include radial 
breathing modes (RBM) and high energy tangential modes. Radial breathing modes 
appear between 120 and 250 cm-1 and are used to characterise SWCNTs [249]. They are a 
result of coherent movement of the carbon atoms in the radial direction. The tangential, or G 
mode, is observed at 1580 cm-1 and is characteristic of the tangential stretch of the graphite 
plane.  
 
Figure 25. Schematic representation of a) RBM and b) G-Band modes. Reproduced from 
Jorio et al. 2003 [249]. 
   
91 
 
Second order Raman processes occur when scattering of more than one phonon is 
involved. Structural defects which break the translational symmetry of the CNT lead to an 
additional elastic scattering event as well as the one phonon scattering, resulting in a feature 
in the Raman spectra at 1350 cm
-1 known as the D mode.  
In 1970, Tuinstra and Koenig concluded that the ratio of the D to G band intensities was 
inversely proportional to the in-plane crystallite sizes obtained from X-ray diffraction [250]. 
The D/G ratio is used to estimate defect spacing, with higher values indicating a more 
defective material [251]. 
3.3.3.2 Raman Method 
Raman spectra of MWNTs were collected from 1000 and 3250 cm-1 on a LabRam Infinity 
Raman spectrometer (Horiba Jobin Yvon), at an excitation wavelength of 532 nm, power 
25% and 100x  magnification. Representative samples of the MWCNTs were supported by 
glass slides. Data presented is an average of 10 areas. 
3.3.4 Thermogravimetric Analysis (TGA) 
Thermogravimetric analysis measures the change in the weight of a specimen with respect 
to temperature during heating. The basic instrument requirements are a precision balance 
and a furnace that is programmed for a linear rise of temperature with time [252]. The curve 
produced provides information regarding degradation temperature, adsorbed moisture 
content and material composition. TGA can be used to characterise the crystallinity of CNTs. 
Defects in the CNT walls increase local reactivity, resulting in lower oxidation and 
gasification temperature of the carbon in the mass loss profile.   
3.3.4.1 TGA Method 
All thermogravimetric analyses were completed on a PerkinElmer Pyris 1 by Adam Clancy, 
using a purge gas of compressed air from BOC at 60 ml/min and ~2-3 mg of MWCNT in 30 
μl platinum pans. Samples were heated to 100° C and held for 30 minutes to remove any 
water present before heating at 10 K/min to 850 °C. 100% was taken to be the final weight 
measurement of the 100 C hold and degradation temperatures were taken from the 
temperature at the maximum rate of degradation as seen from the derivative of weight 
against time, smoothed with Savitzky-Golay filtering (polynomial order of 2 using a 20 point 
window). 
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3.3.5 Zeta Potential 
In an ionic solution, nanoparticles with a net charge will have a layer of oppositely charged 
ions strongly bound to their surface, known as the Stern layer (Figure 26) [253]. A second 
diffuse outer layer is comprised loosely associated ions. The two layers are collectively 
known as the electrical double layer. As the particle moves due to Brownian diffusion or 
applied force, a distinction is created between the ions in the diffuse layer which move with 
the nanoparticle and those which remain in the bulk dispersant. The electrostatic potential at 
this “slipping plane” boundary is called the zeta potential and is related to the surface charge 
of the nanoparticle. 
 
Figure 26. Diagram of zeta potential and slipping plane from Wikipedia Common, by 
Mjones1984. 
3.3.5.1 Zeta Potential Method 
Zeta-potential analyses were performed by Cynthia (Sheng) Hu on a Brookhaven ZetaPALS. 
The ZetaPALS utilizes phase analysis light scattering to determine the velocity of charged, 
colloidal particles in suspension. The ratio of the velocity to the electric field is called the 
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mobility. The relationship between mobility and zeta potential as a function of the parameters 
of the suspending liquid is given by the Henry equaiton: 
𝜇 = 𝜁
Ɛ
ƞ
𝑓(𝑘𝑎) 
Where μ is the electrophoretic mobility, ζ is the zeta potential, Ɛ is the dielectric constant and 
ƞ is the viscosity. The factor f(ka) is the Henry function, and of the order of unity. ka is a 
measure of the ratio of the particle radius to the Debye length [253]. The Debye length is the 
measure of a charge carrier’s net electrostatic effect in solution, and how far the effects 
persist. 
MWNT samples were dispersed in HPLC water with a concentration of 50 μg/mL by bath 
sonication for 15 minutes [176]. The pH was adjusted using 0.1 or 0.01 M HCl/NaOH, 
measured by a digital pH meter (VWR sympHonyTM meter, VWR International, USA). 
  
   
94 
 
3.4 Macrophage Cell Exposures 
3.4.1 Isolation of human alveolar macrophage (AMs) and cell 
exposure 
Cell exposures were carried out by Dr. Pakatip Ruenraroengsak. 
Primary human AMs were isolated from human lung of tissues with normal appearance 
obtained following resection for lung carcinoma, as described previously [254]. Six different 
tissues were accepted with the written informed consent for all tissue samples and the study 
was carried out with the approval of the Royal Brompton and Harefield Ethical Committee 
(Ref: 08/H0708/73). In brief, lung tissue sections were perfused by injection of 0.15 M sterile 
sodium chloride saline solution until the draining lavage ran clear and the cell count was < 
1x104 cells/ml. The saline perfusate was collected and centrifuged at 240 x g for 10 minutes 
at 20°C. The cell pellet was re-suspended in serum-free RPMI-1640 (Sigma, UK) cell culture 
medium containing 1% penicillin/streptomycin/L-glutamine (PSG) and seeded at 500,000 
cells per well in 24-well plate. After AM adherence during incubation at 37°C with 5% CO2 
(for approximately 3h), culture medium was removed and non-adherent cells and red blood 
cell contaminants were removed by gentle PBS washing. 
Following the washing the AMs were treated with desired concentration of MWCNTs (0-
25µg/ml) prepared in RPMI-1640 culture medium for 24 hours. The MWCNT suspensions 
were briefly sonicated bath sonicated (135W, 42 kHz; VWR) for 30 seconds prior to cell 
culture exposure. Following the exposure the cells were proceeded for the uptake and 
toxicity study (WST and LDH assays). 
3.4.1.1 Water-soluble tetrazolium salt (WST-1) Assay 
The WST-1 (4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-2-H-5-tetrazolio]-1,3-benzene duslfonate) 
assay is used to monitor toxic effects on mammalian cells. The tetrazolium salts are cleaved 
to formazan by cellular enzymes. An increase in the number of viable cells results in an 
increase in the activity of mitochondrial dehydrogenases in the sample. This increased 
enzyme activity results in more formazan dye being formed, and directly correlates to the 
number of metabolically active cells in the sample. Formazon dye has an absorbance 
around 570 nm [255]. This assay has been shown to not interact with MWCNTs [256]. 
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Figure 27. Cleavage of the tetrazolium salt WST-1(4-[3-(4-Iodophenyl)-2-(4-nitrophenyl)-2H-
5-tetrazolio]-1,3-benzene disulfonate) to formazan. (EC is the electron coupling reagent. RS 
is the mitochondrial succinate-tetrazolium-reductase system). Reproduced from Roche 
WST-1 product manual [257] 
WST-1 Assay Method 
Cells were exposed to MWCNTs, 1-25µg/ml, for 24h. The cells were rinsed with phosphate 
buffer saline solution (PBS; x3) and incubated with the medium contained tetrazolium salt of 
WST-1 (dilution 1:10 from stock (Roche UK)) for 1h. The medium was collected and the 
absorbance measured at 450nm. The percent cell viability was calculated according to the 
control non-treated cells and data were presented as percent viability in proportional to that 
of the non-treated cells (n=6) with standard deviation (SD). Data were analysed by two-ways 
ANOVA as there were two variables (dose and type of MWCNTs) using GraphPad Prism® 
version 5.0. 
3.4.1.2 Lactate Dehydrogenase Activity (LDH) Assay Method  
In this assay, the level of extracellular LDH released from damaged cells is measured to 
indicate toxicity.  The assay measures the activity of LDH in catalysing the interconversion of 
pyruvate and lactate accompanied by the interconversion of oxidised and reduced 
nicotinamide adenine dinucleotide (NADH and NAD+) : 
𝑁𝐴𝐷𝐻 + 𝑃𝑦𝑟𝑢𝑣𝑎𝑡𝑒 ↔ 𝑁𝐴𝐷+ + 𝐿𝑎𝑐𝑡𝑎𝑡𝑒  [258] 
Pyruvate, CH3COCOO
--, is the conjugate base of pyruvic acid which supplies energy to living 
cells, and is a key intersection in multiple metabolic pathways. NAD is a coenzyme found in 
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the living cell, and is involved in metabolic redox reactions, carrying electrons between 
reactions. Lactate is an anion of lactic acid, a carboxylic acid involved in a variety of 
biochemical processes. 
NADH has a peak absorbance at 340 nm, and so the rate of decrease in NADH can be 
measured optically to determine LDH activity.  
LDH Assay Method 
After 24h exposure, the conditioned medium was collected and centrifuged at 14,000 g for 
20 min to remove the cell debris and residual MWCNTs. LDH was analysed using the 
Cytotoxicity Detection kit PLUS (LDH; Roche, UK). For the control and substance control, a 
known concentration of LDH standard (0.05 U/ml) was incubated with a sample of RPMI 
medium, with or without increasing concentrations of the MWCNTs and the assay performed 
in an identical manner. There was no significant interference of the MWCNTs, which were 
removed by centrifugation prior to reading the optical density (n=6). Data were analysed by 
two-ways ANOVA as there were two variables (dose and type of MWCNTs) using GraphPad 
Prism® version 5.0. 
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3.4.2 Chemical Fixation and Critical Point Drying of Alveolar 
Macrophage Cells 
The macrophage cells were prepared for imaging by critical point drying (CPD). CPD 
preserves the cell cytoskeleton and maintains the natural morphology of the macrophage 
cells, which can’t be maintained using resin embedded methods [259]. Fixation of cells and 
critical point drying were carried about by Dr. Jeremy Skepper at the Multi-Imaging Centre in 
the Department of Physiology, Development and Neuroscience at the University of 
Cambridge.  
Cells were fixed in 2% glutaraldehyde and 2% formaldehyde in 0.05M cacodylate buffer at 
pH 7.4 for 18 hours at 4 °C. They were rinsed in deionised H2O (DIW) and treated with 1% 
osmium ferricyanide at 4 °C for 18 hours. They were rinsed in DIW and treated with 2% 
uranyl acetate in 0.05M maleate buffer at pH 5.5 for 18 hours at 4 °C. They were again 
rinsed in DIW and dehydrated in an ascending series of ethanol solutions from 70% to 
100%. The coverslips were placed in a Polaron critical point dryer (Quorum/Emitech, UK) 
where the ethanol was replaced with liquid CO2 which was heated to 37 °C where it changed 
state to its gaseous phase. The CO2 gas was vented and the coverslips were glued to SEM 
stubs with colloidal silver. The stubs were coated with 10nm of gold in a Quorum/Emitech  
K575X sputter coater. They were viewed in a FEL Verios 460 FEGSEM at 5 Kv. 
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3.4.3 Field Ion Beam - SEM 
In field ion beam microscopy, a beam of gallium ions is rastered over the surface of a 
specimen. This is similar to the SEM, however the Ga+ ions are destructive to the specimen. 
The high energy Ga+ ions strike the specimen surface, removing material. The material can 
be removed as secondary ions, atoms or secondary electrons which are collected and 
analysed to form an image. At low beam currents, FIB SE images show intense grain 
orientation contrast and FIB secondary ion images reveal chemical differences.  At higher 
ion beam currents more material is sputtered from the surface, which is often used for TEM 
sample preparation.  
The FIB can create sample artefacts by damaging the sample surface. Damage can include 
Ga+ implantation, melting and curtaining. Curtaining is the development of a ‘curtain like’ 
effect on the milled wall of the sample caused by differences in sputtering rates at different 
points [260]. Destruction can be minimised by pre-sputtering the sample in gold or platinum 
or by depositing a platinum strip along the area of interest in situ to reduce beam damage. 
The Zeiss Auriga SEM features a Schottky field emission electron column coupled with an 
Orsay Physics “Cobra” Ga+ ion FIB. Samples can be milled and then imaged by either the 
FIB or the SEM. 
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3.4.3.1 FIB-SEM Slice and View Cell Imaging Method 
 
Figure 28. Secondary electron SEM images showing major steps of FIB-SEM sample 
orientation. The images show a cluster of macrophage cells exposed to HeJi MWCNTs. a) 
Area overview (stage at 0°), b) High magnification image of a cluster of macrophage cells 
(stage at 0°), c) Side-view of macrophage cell aggregate after 54° stage rotation, d) FIB 
sliced macrophage aggregate, stage at 54°. At this point, the imaging mode is switched to 
BSE, in order to increase contrast for slice and view imaging. Curtaining artifacts (vertical 
contrast in image d) caused by surface roughness are indicated by a white arrow. 
FIB-SEM was carried out on the Zeiss Auriga FIB-SEM. In SEM, regions of interest with 
clusters of macrophage cells and MWCNT agglomerates were located at an accelerating 
voltage of 5 kV, SE mode, WD~ 15 mm. The angle between the electron and ion beam was 
54°.  The sample stage was tilted to an angle of 54° and raised to a working distance (WD) 
of 5 mm, to put the coincidence point of the two beams at the region of interest. FIB milling 
was performed using beam currents ranging from 600 pA to 4 nA, for fine and rough milling 
respectively. SEM images of the cut face were taken at 1.49 kV in back-scattered electron 
(BSE) mode. For continuous slice and view imaging, the FIB current was 1 nA and a BSE 
SEM image was acquired after every interval. 
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4. Results & 
Discussion 
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4.1 Quantification of Lipid-Nanoparticle 
Interactions  
Multi-walled carbon nanotubes (MWCNTs) are used extensively in commercial applications 
due to their extraordinary properties. Worldwide production of MWCNTs is now on the scale 
of several thousands of tonnes per year [1]. As the scale of synthesis increases, so does the 
inhalation risk to the people that work with them. Once inhaled, individual MWCNTs and 
small (<1 µm) CNT agglomerates can penetrate deep into the lung, and reach the subpleural 
region [116, 165]. The epithelial surface of the respiratory tract is coated in pulmonary 
surfactant (PS), which plays a crucial role in reducing the surface tension of the alveolar air-
liquid interface to prevent alveolar collapse during breathing and modulates innate immune 
defence. Inhaled MWCNTs that deposit in the alveolar region following inhalation will interact 
with PS and other lung secretions, before interacting with either alveolar macrophages or the 
alveolar epithelial cells [261, 262]. It is therefore vital to improve our understanding of the 
interface between MWCNTs and PS components, as it will directly impact on PS function 
and the fate of MWCNTs after inhalation.  
Interactions between nanoparticles and DPPC or PS can be quantified using the Langmuir – 
Blodgett trough (LBT). Pure DPPC has been extensively studied using the LBT, often as a 
PS model, and undergoes phase transitions necessary for regulation of lung surface tension 
[263, 264]. DPPC films display a transition between the solid liquid-condensed phase and 
the fluid liquid-expanded phase, which appears as a plateau in the isotherm. At the 
transition, the surface film consists of discrete condensed domains [265]. Once the 
monolayer is compacted into the condensed phase it becomes almost incompressible, 
indicated in the isotherm by a steep slope. When the monolayer is compressed past its 
limiting area, collapse occurs; at a certain surface density, the surface pressure can no 
longer increase and material is lost from the interface in an irreversible manner [266].  
The monolayer behaviour of natural PS has also been characterised. PS is split into two 
fractions by differential centrifugation. The large aggregate fraction is used for monolayer 
studies. It contains phospholipids, tubular myelin, lamellar bodies, large vesicles and three of 
the surfactant proteins, SP-A, SP-B and SP-C [267]. SP-B and SP-C are both important for 
maintaining the surface activity of lung lining fluid. The small aggregate fraction consists 
mainly of small vesicles, less surfactant protein and is functionally inferior to the large 
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aggregate fraction [268]. In isotherms of the large aggregate fraction, the primary 
characteristic feature is a squeeze out plateau, seen around 40- 45 mN/m [269]. During 
compression to high surface pressures, the PS film becomes selectively enriched in DPPC, 
accompanied by “squeeze-out” of other constituents [270]. 
A number of studies have utilised LBTs to measure the impact of nanoparticles on the 
biophysical functionality of lung surfactants or associated models. The addition of 1wt% of 
hydroxyapatite nanoparticles (~67.8 nm diameter) significantly increased the compressibility 
of Infasurf films. Infasurf is a natural surfactant derived from calf lungs. The hydroxyapatite 
nanoparticles reduced the monolayer area by approximately 40%, relative to pure 
monolayer, after 5 days exposure [271]. The surfactant adsorbed onto the hydroxyapatite 
nanoparticles, damaging the multilayer surfactant reservoir structures so that the multilayers 
formed as isolated crystalline folds along the lateral direction, causing surfactant ‘inihibition’.  
Subphase addition of 1wt% silica nanoparticles (30 nm diameter) formed complexes with 
DPPC-cholesterol films and caused a 10% shift in the isotherm to higher molecular areas, 
compared to pure DPPC-cholesterol [272]. The silica nanoparticles penetrated the 
monolayer and occupied the available area of the interface, increasing the local lipid surface 
concentration. There was also an increase in collapse pressure, suggesting modifications in 
the orientations of the molecules at the interface. 130 nm poly(organosiloxane) nanoparticles 
rendered an 80:20:0.4 mol% DPPC/DPPG/SP-C  model PS film incapable of increasing 
pressure past ~ 50 mN/m at a PS:nanoparticle mass ratio of 10:1 [273]. A small plateau was 
also seen without the presence of the nanoparticles, caused by squeeze out of the fluid 
component of the lipid monolayer and formation multilayer stacks, held together by SP-C. 
However, when nanoparticles were present the plateau was larger, due to the formation of 
enhanced multilayer protrusions containing the nanoparticles which were contained within 
the fluid component of the film. 
Eicosane, an alkane found in diesel exhaust particles, reduced the collapse pressure of a 
film of 1mM DPPC (743 µg/ml) in a concentration dependant manner between 0.04 to 2.5 
mg/ml (eicosane:DPPC mass ratio of 0.05-3.4) from 70 mN/m to ~66 mN/m, and caused a 
30% increase in mouse surfactant surface compressibility [274]. The changes were allotted 
to the hydrophobicity of eicosane, but the actual mechanism was not discussed. Maximum 
pressures were reduced by 4 mN/m when single walled carbon nanotubes with an aspect 
ratio range 125 – 300, complexed with polyamidoamine (PAMAM) dendrimers, were 
adsorbed into DPPC monolayers from a 47 µg/ml subphase [275]. There was also a positive 
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shift in molecular area in the presence of the nanocomplexes by 10 Å2/mol. The data 
suggested that the nanocomplexes were incorporated across the monolayers, causing 
perturbation and possibly forming pores in the membrane. The smaller complexes showed 
higher degrees of incorporation, showing that the degree of nanoparticle-lipid membrane 
interactions may be size dependant. However, nothing is known about the effect of as-
produced or multi-walled CNTs on the function of PS.  
The aim of this study was to quantify the interaction of MWCNTs with DPPC monolayers and 
the large aggregate rat PS lipids at the air-water interface, as a function of MWCNT aspect 
ratio. The influence of MWCNTs on the maximum pressure and compression resistance of 
the DPPC and PS films, on the domain structure of DPPC and the formation of a lipid corona 
on the MWCNT surface were investigated. These interactions are critical parameters 
influencing MWCNT inhalation toxicity and could disrupt physiological surfactant function, 
whilst altering subsequent MWCNT bioreactivity [21].  
4.1.1 Materials 
Three different MWCNT types were used in this investigation. Table 2 shows the 
corresponding characterisation data. More extensive characterisation of these materials and 
of other commercial MWCNTs are given in section 4.2. 
Table 2. Pristine MWCNT characterisation data for Langmuir experiments, ± standard error. 
 NanoAmor ‘Short’ 
(SMWCNT) 
NanoAmor ‘Long’ 
(LMWCNT) 
In house ICVD 
MWCNTs (ICVD 
MWCNTs) 
Length, µm 1.1 ± 0.61 2.1 ± 1.2 35 ± 19 
Diameter, nm 25 ± 8.3 25 ± 7.8 44 ± 25 
D/G 0.93 ± 0.091 1.0 ± 0.091 0.33 ± 0.063 
 
4.1.2 Physical behaviour of DPPC at the air-water interface 
As shown in its isotherm (Figure 29), DPPC undergoes phase transitions necessary for 
regulation of lung surface tension [263]. DPPC films display a transition between the solid 
liquid-condensed (LC) phase and the fluid liquid-expanded (LE) phase which appears as a 
plateau in the isotherm. At the LC-LE coexistence, the surface film consists of discrete 
condensed domains [265]. Once the monolayer is compacted into the condensed phase it 
becomes almost incompressible, indicated in the isotherm by a steep slope. At a certain 
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surface density, the monolayer reaches its limiting area and the surface pressure can no 
longer increase. When compressed past the limiting area, the monolayer collapses and 
material is irreversibly lost from the interface [266]. 
Initially, typical commercially available ‘short’ CVD grown multiwalled carbon nanotubes 
(length: 1.1 µm, SD = 0.61; diameter: 25 ± 0.7 nm) were used to identify changes in the 
surface activity and interfacial structure of DPPC as a function of loading concentration. The 
MWNCTs are referred to as ‘short’ (SMWCNTs) to clarify comparison to the longer 
MWCNTs later in the study. The SMWCNTs were considerably shorter than the 15-20 µm 
length range believed to cause frustrated phagocytosis of the macrophage cells, hindering 
the principle clearance mechanism of solid particles from the lung, and hence leading to 
chronic inflammation [276], but are a typical MWCNT length, especially after processing.  
DPPC was chosen as a model PS system. During compression, PS becomes enriched in 
DPPC which selectively moves to the air-water interface because it can be packed to a very 
high density, providing the large reductions of surface tensions essential to stabilise the lung 
at the end of expiration [270]. The mass ratio range, 50:1 to 1:1 DPPC-SMWCNTs, was 
chosen to allow direct comparison to previous nanoparticle-lipid Langmuir Blodgett trough 
(LBT) studies, and for the effective characterisation of possible DPPC damage mechanisms 
at detectable levels. An estimation of the exposure time which this range represents is given 
in section 4.1.4. 
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Figure 29. Effect of ‘short’ multiwalled carbon nanotubes (SMWCNTs) on the compression 
isotherms of DPPC monolayers, as a function of increasing MWCNT interfacial mass ratio. 
Each isotherm is a representative result of n=5 experiments. 
Compression isotherms (Figure 29) of the pure DPPC monolayer exhibited a plateau region 
with an onset at ~ 90 Å2/mol which indicates a first order transition from the liquid expanded 
phase (LE) to the liquid condensed phase (LC). Unlike theoretical calculations, the plateau in 
experimentally obtained isotherms is only roughly horizontal, due to the formation of small 
molecular aggregates or surface micelles [277]. SMWCNTs did not remove the transition 
from the isotherm, showing that the DPPC was still able to undergo its natural phase 
transition in the liquid expanded and liquid condensed regions. 
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Figure 30. Effect of SMWCNTs on a) the maximum DPPC film pressure and b) the mean 
molecular area at 30mN/m. Significant variation from the control, as determined by ANOVA 
analysis when the p value was less than 0.05, is indicated with an asterisk. 
At 50:1 DPPC-MWCNTs, there was a shift of the isotherm to higher molecular areas by 5 
Å2/mol, and a reduction in maximum pressure by10 mN/m. These changes indicate 
increased compression resistance and disruption of the DPPC molecular packing ability at 
low areas. Shifts of the molecular surface area by a similar magnitude were seen at the 
higher MWCNT loadings of 20:1 to 2:1 DPPC-SMWCNTs. At 1:1, the shift reduced to 2 
Å2/mol, due to MWCNT aggregation as shown in the following atomic force microscopy 
(AFM) data (Figure 33d). The maximum surface pressure showed a statistically significant 
concentration-dependant reduction in the range 20:1 to 1:1, as determined by ANOVA 
analysis, p<0.05 (Figure 30).  Surface pressure reductions have been linked to a reduced 
relative packing density of the DPPC: as more nanoparticles are incorporated into the film, 
they prevent the formation of close packed DPPC monolayers and, as a result, high surface 
pressures are not reached before collapse [278]. Reductions in surface pressure have also 
been linked to a loss of DPPC from the interface at the onset of collapse [279].  
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Figure 31. Isotherms of DPPC and 1:1 DPPC-Carbon black (CB), plots of maximum 
pressure and mean molecular area at 30 mN/m. 
Carbon black (CB) (Degussa, Printex 90, diameter = 14 nm) was used as an industrially 
relevant control to contextualise the MWCNT induced changes. CB makes up a major 
proportion of the fine particle burden in the air, and the CB exposure limit from the National 
Institute for Occupational Safety and Health is a time weighted average (TWA) of 3.5 mg/m3. 
This is an order of magnitude higher than the highest published value of total aerosolized 
MWCNTs measured inside a research facility (without engineering controls), which was 0.43 
mg/m3 [5]. CB is often used as a control in respiratory MWCNT toxicity studies, and has 
been linked to pulmonary inflammation and toxicity [280]. CB was directly compared to 
MWCNTs at a 1:1 DPPC-particle mass ratio. The isotherm in Figure 31 showed a shift to 
smaller molecular areas by 5 Å2/mol compared to the DPPC control, indicating a reduction in 
compression resistance, and there was no significant change in maximum pressure. 
Therefore CB had a smaller effect on the DPPC packing ability than SMWCNTs.  
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Figure 32. Photographs of a) CB and SMWCNTs dispersed in Millipore deionised water at 
0.5 mg/ml by 15 minute bath sonication (750 W). b) CB and SMWCNTs dispersions after 
standing overnight. 
The hydrophilicity of CB and the SMWCNTs were compared in Figure 32. CB is more 
hydrophilic, forming a more stable solution in water than the SMWCNTs, which precipitated 
out. The negative area shift in Figure 31 can be attributed to reversible incorporation of the 
CB into the DPPC monolayer which is squeezed out before collapse, allowing for maximum 
surface pressures similar to those of pure DPPC [278].  
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4.1.3 Effect of MWCNTs on DPPC interfacial film morphology 
 
Figure 33. Tapping mode AFM amplitude images of pure DPPC and DPPC-SMWCNTs 
interfacial layers deposited at a surface pressure of 30 mN/m. a) and b) Height images of 
pure DPPC, displaying a mostly continuous monolayer structure; c) Height image of the 50:1 
DPPC- SMWCNTs interface showing DPPC domains of varying size and height; d) Height 
image of DPPC-SMWCNT 1:1 interface displaying large multilayer structures and MWCNT 
agglomerates. Arrows indicate (1) A region consisting of multiple DPPC layers as indicated 
by height profiles (not shown), (2) An SMWCNT agglomerate, (3) the DPPC bilayer. 
Tapping mode AFM was used to image the changes in the DPPC interface structure and 
better understand the isotherm variations in Figure 29. Samples were obtained by 
transferring the monolayer to silicon substrates at 30 mN/m. This pressure was chosen 
because it is considered a biologically relevant surface pressure and corresponds to the 
condensed region of the isotherm [281]. Figure 33a and b show the pure DPPC monolayer. 
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Phase contrast images confirm that the dark areas correspond to the silicon substrate and 
the bright areas to the monolayer which has an effective thickness of ~ 1.3 nm (not shown). 
This value is smaller than the DPPC chain length of 2.97 nm, possibly due to penetration of 
the AFM tip into the monolayer [282].. The pure DPPC formed a mostly continuous film 
(Figure 33b); a well-defined gel phase is apparent from the distribution of DPPC domains 
(Figure 33a), as previously reported in DPPC domain experiments at 22°C [283].  
At a concentration of 50:1 (Figure 33c) DPPC-SMWCNT, small multilayer DPPC domains 
were nucleated, with an average size of 0.0067 µm2 (±7.2 x10-4 µm2). SMWCNTs appeared 
to penetrate the film at the air/water interface and were incorporated into the DPPC domains. 
At a ratio of 1:1 DPPC-MWCNTs, the DPPC domains appeared as multilayer ‘raft’ structures 
of thickness ~ 5-10 nm, equivalent to two to four stacked monolayers (Figure 33d, arrows 
1&3). Again, the SMWCNT agglomerate bundles were incorporated into the multilayer 
(Figure 33d, arrow 2). The SMWCNT aggregate size increased with loading concentration, 
with marked aggregation at 1:1, as expected from the corresponding isotherm data (Figure 
30b).  
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4.1.4 An estimation of exposure Time Scales 
The mass loading concentrations were chosen to allow direct comparison to the literature. 
Below is a calculation of what they mean in the terms of actual human exposure in the 
workplace: 
Volume of air inhaled per breath [284]: 0.5 L  
Number of breaths per minute [284]: 12-20  
Number of breaths per hour (assuming resting state): 12 x 60 = 720 
Volume inhaled per hour: 0.5 x 720 = 360 L 
Mass aerosolised during a 240-360 minute air sampling (from published measurements from 
a MWCNT research facility) [5]: 0.43 mg/m3  
Area of lung [119]: ~70 m2  
Mass CNTs inhaled per hour= 0.36 m3 x 0.43 mg/m3 = 0.155 mg / h. 
Mass per unit area of lung (100% deposition) = 0.155 / 70 = 2.2 x 10-3 mg/m2 / h. 
Operational area of Langmuir trough = 85.3 cm2  = 8.53 x 10
-3 m2. 
Mass of CNTs required on the trough to be equivalent to 1h inhalation = 2.2 x 10-3 * 8.53 x 
10-3  = 1.89 x 10-5 mg  
90µl of 100µg/ml DPPC solution is injected into the air-water interface to cover the surface 
area of the trough (see experimental techniques). 
CNT Mass required per unit volume of DPPC stock solution per hour of inhalation = 1.89 x 
10-5 mg / 0.090ml = 2.09 x10-4 mg/ml = 0.21 µg/ml. 
Therefore, the DPPC-CNT ratio for 1h inhalation, the mass ratio required on the LBT is = 
100:0.21. 
This ratio is representative of the maximum measured MWCNT dose per hour. The data 
presented in this study (DPPC-MWNCT mass ratio 50:1 to 1:1) covers inhalation time 
periods of 9.5 hours to approximately 12 weeks, assuming 8h daily exposure in the 
workplace, and five day working weeks and no clearance. 
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For the carbon black control, the TWA (time weighted average over an 8h day) is 3.5 
mg/m3 
Mass CB inhaled per hour= 0.36 m3 x 3.5 mg/m3 = 1.26 mg / h. 
Mass per unit area of lung (100% deposition) = 1.26 / 70 = 0.018 mg/m2 / h. 
Mass of CB on the trough = 0.018 * 8.53 x 10-3 = 1.5 x 10-4 mg equivalent to 1h inhalation 
CB Mass required per unit volume of DPPC stock solution per hour of inhalation = 1.5 x 10-4 
mg / 0.090ml = 1.7 x10-3 mg/ml = 1.7 µg/ml. 
Therefore, the DPPC-CB ratio for 1h inhalation = 100:1.7 
A 1:1 DPPC-CB mass ratio corresponds to 58h inhalation exposure. 
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4.1.5 Effect of MWCNT aspect ratio of DPPC and PS films 
4.1.5.1 Physical behaviour of DPPC at the air-water interface 
In order to understand how MWCNT aspect ratio affects the MWCNT-DPPC interface 
behaviour, two further types were tested: identical MWCNTs to the ‘short’ MWCNTs, but with 
a longer average length (length: 2.1 µm, SD = 1.2; diameter: 25 ± 0.6 nm) and ‘very large’ in-
house synthesized ICVD MWCNTs (length: 35 µm, SD = 19 µm, diameter: 44 nm ± 2 nm). 
(See Table 9 for full length ranges). Similar MWCNT materials were compared for toxicity by 
Donaldson et al., where the longer MWCNTs caused significantly more inflammation after 
peritoneal injection into mice, with evidence of frustrated phagocytosis [276]. It is therefore 
important to evaluate how “very large” MWCNTs will impact on PS lipid function. 
 
Figure 34. Effect of length on isotherm characteristics. Comparison of a) maximum surface 
pressure and b) molecular area at 30 mN/m of DPPC monolayers with 'short' and 'long' 
MWCNTs. 
There was a pronounced difference between the ‘short’ and ‘long’ MWCNTs. The long 
MWCNTs (LMWCNTs) caused an increase in maximum pressure (Figure 34a), rather than a 
decrease, and a much greater shift to larger molecular areas than the SMWCNTs (Figure 
34b). The differences between the SMWCNTs and LMWCNTs can be attributed to dissimilar 
interactions with DPPC. SMWCNTs remain in the interface and displace DPPC (Figure 35). 
The larger LMWCNTs could have a tendency to form DPPC-MWCNT complexes that 
rearrange the DPPC film into three dimensional out-of-plane structures. These structures 
would cause expansion of the DPPC interface, and could reorganise during compression to 
allow high surface pressures. A similar effect was seen with silica nanoparticles by Guzman 
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et al. [272].  The nanoparticles (30 nm in diameter) caused refinement of DPPC-cholesterol 
films into three-dimensional assemblies which allowed both higher surface areas and 
pressures to be obtained. 
 
Figure 35. a) In plane DPPC-SMWCNT interactions, b) out of plane LMWCNT-DPPC 
interactions. 
Much of the exisiting work on nanoparticle – DPPC interactions has used sperical or low 
aspect ratio nanoparticles. This study has explored high aspect ratio MWCNTs and so the 
monolayer expansion seen (Figure 34b) can be considered in terms of the percolation 
threshold of the different MWCNTs within the air/water interface. The percolation threshold 
denotes the probability which marks the onset of an infinite connected component within a 
system [285]. In 2D, the percolation threshold can be expressed as a critical area fraction. 
Above the threshold there exists long – range connectivity of the MWCNTs, making 
compression more difficult  [286]. 
The relationship between the connectivity of rods in  a quasi 2D system system and their 
aspect ratio has been calculated for rods with diameter D and a length L. The excluded area 
for random packing rods with uncorrelated contacts, i.e. the area that cannot be occupied by 
the center of mass of one spherocylinder with fixed orientation when sliding over another, is 
< 𝐴𝑒𝑥 > = 2𝐿𝐷 ( 1 +  
4
𝜋2
) + (𝐿2 + 𝐷2)
2
𝜋
       [287] 
The critical area fraction (Afc) for a system of randomly oriented finite – width sticks is then 
𝐴𝑓𝑐 =  𝑁𝑐𝐴 =  
<𝐴𝑒𝑥_𝑡𝑜𝑡>
(2+ 
8
𝜋2
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𝐿
𝐷
+
𝐷
𝐿
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2
𝜋
         [287]  
   
115 
 
Where Nc is te critical number density and of objects at the percolation threshold and A = 
LD. 
<Aex_tot> ≈ 3.7 from simulated thesholds [287] 
Therefore,  
𝐴𝑓𝑐 =  
3.7
(2 + 
8
𝜋2
) + (
𝐿
𝐷 +
𝐷
𝐿 )
2
𝜋
 
And 
𝐷
𝐿
 is assumed to be negligible.  
The average aspect ratio of the SMWCNTs is 46. The average LMWCNT aspect ratio is 82.  
i.e.  L/DSMWCNT = 46, L/DLMWCNT = 82 
Therefore the critical area fraction for the SMWCNTs was 8:1 DPPC-SMWCNTs and for 
LMWCNTs was 15:1 DPPC-LMWCNTs. The equation assumes monodispersity and does 
not incorporate the large range in measured lengths, which introduces a degree of error that 
could be addressed by comparison of theoretical calculations to experimental values [288], 
but it is used here as a guide for understanding the packing of MWCNTs in the interface. 
According to these calculations, neither of the MWCNT systems are above the percolation 
threshold at a DPPC:MWCNT concentration of 50:1, and both SMWCNTs and LMWCNTs 
were above the percolation threshold at 1:1. Since both SMWCNTs and LMWNCTs showed 
a larger monolayer expansion at a DPPC-MWCNT ratio of 50:1 than at 1:1 (Figure 34), 
simple statistical percolation may not be a sufficient description. Networking can occur at 
lower ‘kinetic’ percolation thresholds where attractive particle interactions lead to more 
efficient contact formation; however, depending on time or conditions, such interactions can 
lead to disconnected agglomerates [289]. These effects may explain the reduced degree of 
monolayer expansion at higher concentrations.  
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Figure 36. Effect of a) ‘long’ multiwalled carbon nanotubes (LMWCNT) b) ICVD MWCNTs on 
compression isotherms of DPPC monolayers, as a function of MWCNT loading 
concentration and c) ICVD MWCNTs surface area data. 
The LMWCNTs and the ICVD MWCNTs removed the LC-LE plateau region from the DPPC 
(Figure 36), and so it is clear that these larger MWCNTs caused more disruption to the 
DPPC film than SMWCNTs. The monolayer expansion was less for the ICVD MWCNTs than 
the LMWCNTs by 7 Å2/mol at a DPPC-MWCNT ratio of 1:1. The ICVD MWCNTs had an 
average aspect ratio of 786 and have a statistical percolation theshold at a concentration of 
135:1. It is possible that these large MWCNTs are squeezed out of the monolayer along with 
sequestered DPPC. This theory is supported by images showing that DPPC binds to the 
ICVD MWCNT surface (Figure 44). A squeeze out mechanism would explain the undulating 
region on the 50:1 isotherm and the crossing of the 1:1 isotherm through the control curve at 
the highest pressures (Figure 36b).  
4.5.1.2 Physical behaviour of murine PS lipids at the air-water interface 
SMWCNTs and LMWCNTs were introduced into monolayers of the lipid extract of the large 
aggregate fraction of Sprague Dawley rat PS to compare the DPPC model system to natural 
surfactant lipids. An organic phosphate-MWCNT ratio of 1:1 was chosen as it showed a 
statistically significant reduction in DPPC maximum pressure for the SMWCNTs and in 
monolayer expansion for the LMWCNTs. The large aggregate fraction is a more realistic 
representation of the surface on which the MWCNTs will land upon during inhalation, and so 
the effects of MWCNTs upon the interface can be directly linked to PS (dys)function.  
DPPC is a saturated polar molecule, and can be damaged through oxidation causing 
molecular disorder [290]. The lipid extract of the large aggregate fraction of PS contains 
DPPC, but also other unsaturated phospholipids and lamellar bodies. Unlike DPPC, the 
kinked chains of the unsaturated phospholipid species, which make up approximately half 
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the mass of surfactant phospholipids cannot be interfacially packed beyond a certain 
threshold, and cannot therefore sustain extremely low tensions [133]. A subfraction of 
particularly surface active lipids necessary for lung function known as tubular myelin, a 
disordered network of membranes, are also contained in the extract [291]. These 
components combine to form a complex structure which is not purely interfacial, but extends 
into the aqueous lining.  
DPPC and rat PS also differ in their ability to disperse MWCNTs. The SMWCNTs remained 
in a stable solution on rat PS after 24 h, whereas the MWCNTs precipitated out of the DPPC 
solution. This is because rat PS contains proteins which adsorb onto the MWCNT surface 
[181] 
 
Figure 37. Images of SMWCNTs dispersed in DPPC and the large aggregate fraction of rat 
PS solutions after a) 0 h and b) 24 h. 
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Figure 38. Representative isotherms of lung surfactant containing short and long MWCNTs 
at an organic phosphate – MWCNT ratio of 1:1 expressed as a percent of the maximum 
surface area, maximum surface pressure data, surface area data. 
Figure 38 shows isotherms of PS monolayers with and without MWCNTs during 
compression on a deionised water subphase. The control isotherm showed a kink at 
approximately 45mN/m, not seen with DPPC. This kink is characteristic of natural pulmonary 
surfactant and relates to the squeeze out of lipid multilayer structures from the plane of the 
film [292]. Addition of MWCNTs into the PS monolayer resulted in greater changes in film 
behaviour than with DPPC, but with opposite trends. 
The SMWCNTs reduced the PS maximum pressure by 18 mN/m and expanded the 
monolayer by 28% (Figure 38). LMWCNTs caused a pressure reduction of 5 mN/m and a 
expansion of 18%. The change in monolayer behaviour indicate that the SMWCNTs 
penetrated the PS film to a greater extent than the DPPC film, and had more in-plane 
interactions with the PS lipids than the LWMCNTs.  When Kanno et al. introduced  
nanoparticles from diesel exhaust into DPPC and mouse surfactant, they saw significant 
changes in DPPC which were not seen in the mouse surfactant [274]. The difference in 
response of the two lipid surfactant systems to nanoparticles is likely due to complex 
nanoparticle interactions which occur with natural PS lipids, but not with DPPC.  For 
example, CNTs were shown to selectively adsorb phosphatidylcholines, 
phosphatidylglycerols SP-A, SP-B and SP-D [183], which may create complexes which 
expand the monolayer. 
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Both the SMWCNTs and the LMWCNTs reduced the maximum obtainable pressure of the 
PS lipids (Figure 38). A high and reproducible maximum pressure is necessary to reduce the 
work of breathing [293]. Reduced pressures have also been linked to a reduction in the 
biophysical activity of the PS [294]. Therefore, the SMWCNTs have a more negative impact 
on the biophysical functionality of natural PS lipids than LMWCNTs and may have more 
potential to cause PS damage in vivo. 
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4.1.6 Effect of MWCNT charge on DPPC films 
MWCNTs functionalised with negative 3-sulfopropyl methacrylate potassium salt (SPMAK), 
positive 3-acrylamidopropyl)trimethylammonium chloride (APTAC) and neutral 
poly(ethyleneglycol) methacrylate (PEGMA) charge were introduced into DPPC films at a 
DPPC-MWCNT mass ratio of 1:1 to investigate the effect of charge on the DPPC interface 
behaviour.  Functionalisation of Arkema MWCNTs (d=12.1 ± 3.7 nm; l=~10 µm) was carried 
out by Cynthia (Sheng) Hu of the Shaffer group [295].  
Table 3. Zeta potential values of the f-MWCNTs in pH 7 HPLC water. 
Functionalised MWCNT Zeta Potential 
PEGMA -5.7 ± 3.2 
APTAC 19.2 ± 1.4 
SPMAK -9.0 ± 1.5 
 
Figure 39. Representative Isotherms of DPPC with PEG, APTAC and SPMAK, and mean 
molecular area data 
There was a slight increase in collapse pressure and a shift of the monolayer to higher areas 
for the APTAC and PEG f-MWCNTs. The SPMAK MWCNTs did not significantly alter the 
monolayer behaviour. The data indicates that the positive and neutral MWCNTs disrupted 
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DPPC packing, but the negative MWCNTs did not. A possible mechanism for this is shown 
in Figure 40.   
 
Figure 40. Schematic of f-MWCNTs - DPPC monolayer interaction. The scale of the DPPC 
molecules is exaggerated to show the interactions. 
The polar DPPC heads consist of a positive amine group at the top and a negative 
phosphate group next to the alkane chains (Figure 8). Therefore both the neutral and 
positive f-MWCNTs are likely to situate themselves within the DPPC monolayer, whilst the 
negative f-MWCNTs may have been pulled through the film and into the water subphase by 
the charge gradient.  
 
Figure 41. Effect of APTAC functionalised graphene on compression isotherms of DPPC 
monolayers. 
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APTAC functionalised graphene at a 1:1 DPPC-f-graphene mass ratio was also tested to 
reveal how a planar morphology impacts the lipid-nanoparticle interaction. The DPPC Max P 
was reduced by 18 mN/m and the average shift in mean molecular area was +8.1 Å2/mol for 
the APTAC graphene. The combination of positive charge and planar structure severely 
hindered the ability of the DPPC molecules to rearrange during compression into the close-
packed structures which allow ~70mN/m collapse pressures. 
Table 4. Comparison of APTAC functionalised MWCNT and Graphene isotherm data. 
Carbon Nanomaterial Average  Maximum 
Pressure shift from DPPC 
(mN/m) 
Average Shift in Mean 
Molecular Area from DPPC 
at 30 mN/m (Å/mol) 
APTAC MWCNTs + 3.5 + 24 
APTAC Graphene - 18 + 8.1 
Graphene is known to have a very large potential for lipid interaction due to its inherent 2D 
surface and high specific surface area [296]. Titov et al. used coarse grained molecular 
dynamics to study the interaction of few layer graphene with lipid bilayers [221]. The 
graphene localized in the hydrophobic core. This is a possible mechanism for DPPC 
displacement during compression of the monolayer into multilayer structures.  
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4.1.7 Effect of Silver Nanoparticle inhalation of murine PS (In vivo) 
The previous data have been from in vitro experiments using DPPC and murine pulmonary 
surfactant lipids, allowing investigation of how nanoparticles impact the fundamental 
properties of PS lipids. Finally, the effect of 20nm silver nanoparticle (AgNP) intratracheal 
installation on Brown Norway and Sprague Dawley rat lung lavage lipids was investigated. 
Two typical and widely used AgNP cappings were investigated: polyvinylpyrrolidone (PVP) 
and citrate. Silver was investigated here as it is one of the most frequently used 
nanomaterials for consumer products [297]. The samples were taken 24h after exposure. 
Inhaled silver nanoparticles have been shown to remain in the lung at high levels in the first 
24h, and then dramatically reduce as they become distributed throughout the body [298]. 
 
Figure 42. Representative isotherms of murine PS recovered after PVP and Citrate capped 
AgNP intratracheal instillation.  
The averaged data in Figure 43 show that statistically significant changes resulted from 
inhalation of citrate capped silver nanoparticles (Cit-AgNPs) by the Sprague Dawley rats, 
which caused a reduction in maximum pressure of 20 m/Nm and an average monolayer 
expansion of 29%. Similar changes were induced by Cit-AgNPs in the Brown Norway rat 
data, but to a lesser (non-significant) extent. The PVP AgNPs reduced the maximum 
pressure in both rat types (-4.9 mN/m in Brown Norway and -4 mN/m in the Sprague 
Dawley) and caused monolayer expansion in the Brown Norway of 18 Å2/mol. However, in 
the Sprague Dawley, the average monolayer shift was -5.3 %, indicating increased 
compressibility.  
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Figure 43. AgNP exposed PS maximum surface pressure and surface expansion data. 
The changes seen are due to either the presence of AgNPs in the PS lipids impacting lipid 
packing, as with the MWCNT experiments, or the in vivo toxic response to nanoparticle 
inhalation which alters the surfactant composition. There are no previous studies on the 
impact of AgNPs on PS or PS lipids at the air-water interface, however citrate capped gold 
nanoparticles reduced the elasticity of DPPC monolayers [227]. The study found monolayer 
expansion and an almost complete suppression of the LE-LC phase transition when the 
nanoparticles were adsorbed from a 6.2 µg/ml subphase.  
The lipid extract samples were normalised to the organic phosphate concentration (see 
chapter 3.1.1.5). However, the nanoparticle installation would have caused changes to the 
total BALF composition. Lung injury from AgNP intratracheal installation has been shown to 
increase BALF protein concentrations, pro-inflammatory cytokines and neutrophils (a marker 
of inflammation) [299]. The levels of AgNPs may have caused toxic responses which 
increased the amount of non-lipid material added to the interface, leading to increased 
compression resistance for both AgNP types in the Brown Norway rats, and for Cit-AgNP in 
the Sprague Dawley (Figure 43). The lack of significant change to the Sprague Dawley PS 
lipids induced by the PVP-AgNPs could therefore indicate lower in vivo toxicity of these 
materials, making this suitable assay for determining nanoparticle toxicity. 
AgNPs are not chemically inert like MWCNTs. Their toxicity can result from either the intact 
AgNP or the released ions. The dissolution of Cit-AgNPs has been shown to be very slow in 
DPPC at neutral pH [214]. Healthy rat lung fluid has neutral pH [300]. Therefore it is likely 
that the AgNPs were mostly intact at the 24h time point used in the results presented in this 
thesis. In a recent study, Su et al. found a greater murine in vivo toxic response from AgNP 
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rich regions, rather than the Ag+ dominated organs, implying that the major source of AgNP 
toxicity is the nanostructure [211]. 
The different response between the two rat types is to be expected. Brown Norway and 
Sprague Dawley rats also display different responses in other injury mechanisms. Brown 
Norway rats have been reported to have a blunted ventilator response compared to the 
Sprague Dawley strain [301]. Sprague Dawley rats have also demonstrated a greater acute 
hypoxic response, with the Brown Norway rats showing faster resolution of inflammation 
caused by reperfusion [302, 303].  
Further work is needed to fully understand the mechanisms at play, but the data indicate that 
AgNP inhalation significantly impacts PS function in vivo.  
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4.1.8 Lipid Wrapping 
4.1.8.1 Effect of Morphology on DPPC Coating 
TEM imaging was used to image the coatings of negatively-stained large aggregate PS 
lipids and DPPC on the MWNT surface, in an attempt to view the formation of a lipid corona.  
 
Figure 44. BF-TEM images of a) ‘short’ and b) ‘long’ MWCNTs wrapped in DPPC 
multilayers. Measurement across three striations confirmed that the interlayer distance was 
~4.7nm. 
DPPC formed supramolecular structures on the MWCNT surface visible in the form of 
striations of contrast parallel to the MWCNT axis. Control images show that the striations 
were not an artefact from the staining process. The striation average spacing were 4.5 ± 
0.25 nm for SMWCNTs, 4.5 ± 0.20 nm for LMWCNTs and 4.8 ± 0.35 nm for ICVD MWCNTs, 
which corresponds to the DPPC bilayer spacing, which is approximately 4.7 nm (Figure 44) 
[283]. The contrast comes from the formation of DPPC multilayers. A possible structure is 
shown in Figure 45d. DPPC molecules orient themselves in half cylinders perpendicular to 
the tube axis, with the hydrophobic tails on the MWCNT surface and the hydrophilic head 
group facing outwards. Then, another layer of DPPC molecules deposit, this time forming a 
monolayer with the hydrophilic head group facing inwards, interacting with the hydrophobic 
head groups of the first layer of DPPC molecules. Successive monolayers deposit in 
alternating directions.  
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Figure 45. a) BF-TEM image of ICVD MWCNT coated in DPPC. Numbers 1-3 in image a 
correspond to (1) Location of line profile shown in part c), (2) the lipid phase, (3) lacey 
carbon grid coated in DPPC. b) High resolution TEM image of a DPPC coated ICVD 
MWNCT. c) Line profile from a1, d) Schematic of the DPPC molecular arrangement on the 
MWCNT surface. 
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Figure 46. TEM images of a) & b) Unstained DPPC coated ICVD MWCNTs; c) & d) Uranyl 
acetate stained ICVD MCWCNTs (No DPPC). Arrows 1-4 correspond to (1) the DPPC 
corona, (2) lipid phase, (3) vacuum phase and (4) lacey carbon grid. 
Striations such as those formed here by DPPC have been seen in other systems. 
Lysophosphatidylglycerol (LPG) and lysophosphatidylcholines (LPC) have been previously 
shown to form periodic half cylinder spirals along the surface of single-walled carbon 
nanotubes [304]. The LPC gave more regular striations due to its zwitterionic nature, like that 
of DPPC, whereas the LPG had head groups with a net negative charge. Sodium dodecyl 
sulphate (SDS), an anionic surfactant consisting of a single 12 carbon chain attached to a 
sulphate group, formed half cylinders on the MWCNTs surface, with the hydrophobic part of 
the surfactant adsorbed to the graphite by van der Waals interactions [305]. The striations 
were seen in both TEM and cryo-TEM, showing that periodic assemblies which are present 
in solution can be imaged by conventional TEM. As with the data shown here, Richard et al..  
found no correlation between the SDS formation and the underlying MWCNT structure. The 
striations can be seen less clearly on the commercial MWCNTs, due to their less graphitic 
and hence rougher structure as shown by their D/G ratio of ~ 1, compared for the ICVD 
MWCNTs where D/G = 0.33, or the surface groups introduced during mass production which 
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interact with the DPPC and distort the wrapping [306]. Surface chemistry has been shown to 
modulate binding of PS components [197].  
4.1.8.2 PS Coating 
 
Figure 47. Bright field TEM of MWCNTs incubated in the large aggregate fraction of rat PS 
and negatively stained with uranyl acetate. a) (1) lacey carbon grid, (2) SMWCNT, b) (3) 
LMWCNT, (4) vacuum phase, (5) PS phase, c) (6) PS phase (7) ICVD MWCNT, d) Higher 
magnification image of an ICVD MWCNT tip. 
In Figure 47, the PS lipids completely coated the MWCNT surface, in a similar fashion to that 
described previously by Gasser et al. [197]. Prior investigations have also shown that the 
components of PS preferentially bind to the MWNCT surface [307]. The simple polar, 
saturated structure of DPPC made striation structures possible, whereas the structure of the 
PS lipids described above appears to prevent similar regular ordering.  
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4.1.8.3 Curosurf Coating 
Figure 48. Bright field TEM of SMWCNTs incubated in Curosurf solution and negatively 
stained with uranyl acetate. 
Curosurf is a natural surfactant, which is prepared from minced porcine lungs. It undergoes a 
series of purifications to remove neutral lipids. The resulting suspension consists of 99% 
polar lipids, with phosphatidylcholine making up approximately 70% of the total phospholipid 
content [308]. It also contains about 1% of specific low molecular weight hydrophobic 
proteins SP-B and SP-C. It therefore more closely resembles full PS than the DPPC and the 
lipid extract of the large aggregate fraction of PS. Striations formed on the SMWCNT similar 
to those seen with DPPC. The formation of striations with Curosurf but not the lipid extract is 
possibly due to the presence of SP-B, which has hydrophilic residues that interact the polar 
head groups of the phospholipids in PS to induce lateral intermolecular order [309]. 
Therefore it is possible that these regular corona structures form in vivo. 
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4.1.8.4 Effect of Charge on DPPC Coating 
DPPC striations were also formed on the surface of f-MWCNTs (Figure 50). Statistical 
analysis of the proportion of MWCNTs which displayed striations was measure using TEM 
images. The results are shown in Table 5. 
Table 5. Relative proportions of striation contrast formation on f-MWCNTs after incubation 
with DPPC. 
Functionalised MWCNT Percentage of MWCNTs 
which displayed surface 
striations (%) 
Polyethylene Glycol (PEG) 21 
APTAC 71 
SPMAK 16 
APTAC MWCNTs had the most instances of striation formation, which may be due to the 
repulsive forces between the positive surface of the MWCNTs and the positive amine group 
at the top of the DPPC head, encouraging a similar formation as seen with the hydrophobic 
pristine MWCNTs (Figure 45d). Only 21% of SPMAK-CNTs displayed the striation structure. 
The lower degree of striation formation may be due to the repulsive forces between the 
negative SPMAK MWCNTs and the phosphate group at the bottom of the DPPC head, 
interfering with the ability of the DPPC to form a hemi-micelle with the saturated tail on the 
MWCNT surface. Or it is possible that a lower degree of functionalisation has led to a lower 
degree of striation formation (Table 5). The PEG-MWCNTs showed the lowest coverage. 
PEG is often grafted to nanoparticles used in biological applications to render “stealth 
properties” by creating “steric stabilisation” where the PEG molecules form a protective 
hydrophilic layer on the nanoparticle surface that prevents interaction with physiological 
entities such as plasma proteins [310]. The PEG chains are known to reduce the charge-
based contact which is typical of small-molecule interactions [311], which may have caused 
a lower degree of striation formation than  the pristine or positively functionalised MWNCTs. 
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Figure 49. Molecular structure of APTAC, PEG and SPMAK which were used to chemically 
functionalize MWCNTs. 
Another possible explanation is the difference in the hydrophobicity of the three 
functionalised materials, which varies as follow: APTAC<PEG<SPMAK. During incubation of 
the MWCNTs with the aqueous DPPC solution, the APTAC MWCNTs was the most 
dispersed and so more individual MWCNTs would become coated with a DPPC corona. 
SPMAK, the least dispersible in water, would have the least accessible surfaces for corona 
formation.  
Figure 50. BF-TEM images of PEG, APTAC and SPMAK functionalised MWCNTs wrapped 
in DPPC multilayers. Schematic of molecular DPPC arrangement on the f- MWCNT surface. 
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4.1.9 Summary 
Summary of Findings 
Aspect Ratio 
  ‘Short’ MWCNTs reduced the maximum pressure of DPPC. SMWCNTs also caused 
significant pressure reductions and monolayer expansion in natural murine PS lipid 
films, due to a high degree of film penetration. 
 ‘Long’ commercial MWCNTs caused a significant compression resistance, probably 
due to formation of in-plane and three dimensional complexes.  
 The very large ICVD MWCNTs, which are on a length scale previously described as 
potentially analogous to asbestos, caused compression resistance to a lesser extent, 
possibly due to being pushed out of the DPPC layer along with sequestered DPPC. 
Charge 
 Both the postive and neutral hydrophilic f-MWCNTs caused significant monolayer 
expansion, and therefore strongly disrupt DPPC molecular packing by being situated 
with the monolayer. 
 The negative hydrophilic f-MWCNTs did not alter the physical behaviour of DPPC at 
the air-water interface, possibly due to being pulled through the monolayer into the 
subphase. 
Morphology 
 The 2D structure of graphene presented a bigger surface area for DPPC interaction, 
leading to both a large reduction in maximum pressure and monolayer expansion. 
In Vivo 
 Inhalation of silver nanoparticles lead to monolayer expansion. The biggest response 
was seen from citrate capped AgNPs. 
Lipid Corona Formation 
 All MWCNT morphologies formed DPPC coronas with supramolecular arrangements. 
 Striations were most distinct on the in-house material, showing that a more pristine 
surface allows better molecular ordering. 
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 DPPC corona formation on the f-MWCNTs direclty correlated with the MWCNT 
hydrophilicty. 
 Curosurf corona formation indicates a possibility of supramolecular structures in vivo. 
Discussion 
The LBT provides a means to probe the relationship between MWCNT morphology and their 
impact upon the fundamental biophysical function of PS lipids. The nanoparticle loading 
concentrations used in this study, and in many other in vitro and in vivo evaluations in 
literature, are significantly higher than those that would result from inhalation exposure with 
safe working practises. The data presented in this study covers maximum MWCNT 
inhalation deposition for 9.5 hours to 12 weeks, based on a total MWCNT measurement of 
0.43 mg/m3 taken inside a MWCNT research facility when no engineering controls were in 
place [5]. This estimate neglects lung maintenance processes such as PS turnover which 
occurs every 4-11h and could be expected to significantly dilute the nanoparticle loading 
[312]. Care must be made drawing direct conclusions on the impact of MWCNT on 
respiratory health from this data. Nevertheless, use of the LBT as an assay has shown that 
MWCNTs can negatively impact PS and DPPC packing ability. 
The data demonstrate that MWCNT aspect ratio and surface charge are both major factors 
which can influence the compression resistance and maximum pressure of PS lipids. Both of 
these parameters are important as it is believed they can influence PS function. The in vivo 
AgNP results suggested a possible link between the pulmonary toxicity of nanoparticles and 
the physical changes seen in the PS lipids, signifying the potential of the LBT as a toxicity 
assay. Imaging of the lipid corona exhibited the possibility of using MWCNT surface charge 
to tailor corona formation, which could be useful in drug delivery applications in the lung. 
The results as a whole are useful for the better comprehension of the interface between 
nanoparticles and lipids, and are important for future investigations evaluating the potential 
adverse effects of high aspect ratio nanoparticles on lung function. Future in vitro studies of 
lung epithelial models should give due consideration to the influence of PS. 
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4.2 Characterisation and Toxicity of 
Commercial Carbon Nanotubes 
Carbon nanotubes are used in a variety of applications including composite materials and 
thin films as discussed in Chapter 2.  Single walled, double walled and multiwall carbon 
nanotubes are the three main classifications used to group CNTs, but there are more subtle 
differences which have been recently outlined. For example, Suarez-Martinez et al. 
classified multiwall carbon nanotubes (MWCNTs) by their internal structure [306, 313]. 
MWCNT varieties included hollow core, full core partitioned and stacked carbon nanotubes, 
as identified by high-resolution transmission electron microscopy (HRTEM). HRTEM has 
also been used to compare the internal structure of multiwalled carbon nanotubes to that of 
vapour grown carbon nanofibers [306]. 
The mechanical properties of CNTs are largely determined by their internal structure. 
HRTEM is therefore vital when selecting CNTs for composite applications, as the applied 
stress is transferred to them directly [28, 314]. Another important property of MWCNTs in 
composite applications, but one that is often not characterised is MWCNT tortuosity. 
MWCNT tortuosity strongly influences the percolation within the composite matrix [315] and 
can be used to evaluate CNT elastic deformation and interaction with the matrix [316]. 
It is clear that the characteristics which should be considered when selecting carbon 
nanotubes depend upon the final application. In field emission applications, for instance, the 
aspect ratio of the CNTs becomes a very important attribute. The field emission of electrons 
is a phenomena which happens when a high electric field (in the order of 107 V/cm) is 
applied to a solid surface with a negative potential, causing electrons from inside the solid to 
be emitted into vacuum by a mechanical tunnelling effect [317]. The high electric fields 
needed to cause field emission can be obtained on the tip of a CNT because electric fields 
concentrate at sharp points. In this case, scanning electron microscopy (SEM) and 
transmission electron microscopy (TEM) are essential to measure the diameter and length of 
the starting material. Raman spectroscopy and thermogravimetric analysis are also very 
important techniques for most CNT applications as they tell us how graphitic the material is, 
and how much catalyst material it contains, respectively [318-320]. 
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Despite the importance of having all of the data, they are not all generally provided by the 
commercial vendors. In particular, there is little information about the crystallinity of the 
MWNTs, due to the requirements on spatial resolution required to image the outer walls of 
the MWCNTs. In a study by Tessionnier et al, MWCNTs from Bayer MaterialsScience (AG) 
and Nanocyl S.A. were extensively characterised, including HRTEM imaging [306], but direct 
comparison of a larger range of commercially available MWCNTs has not been executed. 
It is now also important to characterise the toxicity of commercial MWCNTs, due to their 
large scale of production A similar type of MWCNT is available from a variety of vendors and 
have been synthesized on a very large scale; 400, 460 and 200 metric tonnes by Arkema, 
Nanocyl and Bayer (before Bayer stopped production in 2013 [321]) respectively [16, 17]. 
Other popular vendors of such materials are HeJi and Nanostructured & Amorphous 
Materials, Inc. It has been shown that CNT powders can become aerosolised when not 
handled with appropriate care[322, 323], and the volume of MWCNTs produced by these 
vendors creates a significant possibility of accidental CNT exposure by inhalation during 
their synthesis, use and disposal. 
There is a large degree of inconsistency in the MWCNT toxicity data available in the 
literature. Results to-date are largely inconclusive. MWCNT toxicity in both in vivo and in 
vitro studies has been attributed to factors including length [12, 324], diameter [172], type of 
functionalisation [176, 177], defect densities [325], concentration [326, 327], duration of 
exposure [328], method of exposure [164] and the dispersant used to solubilize the 
MWCNTs [179, 182]. Other studies conclude that these attributes for MWCNT toxicity are 
unfounded. The inconsistencies appear to be a result of large differences in experimental 
protocol [329], but also poor characterisation of the MWCNT physicochemistry. In order to 
understand which MWCNT properties cause toxicity, thorough characterisation of the 
nanomaterial properties before and after their interaction with cells is required. Specifically, 
there is a need for research to accurately characterise how the physicochemical properties 
of MWCNTs from commercial vendors differ and second to relate these differences to their 
biological response. 
The aim of this study was therefore two-fold. Firstly, to extensively characterise the 
morphology (length, diameter and tortuosity, which is often disregarded), agglomeration 
state, chemical composition, purity and graphitic quality of a selection of important 
commercially available MWCNTs using optical microscopy, SEM, energy-dispersive X-ray 
spectroscopy (EDX), TGA, Raman spectroscopy, TEM and Cs corrected phase contrast 
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HRTEM. This data was then compared to that provided by the manufacturers, in order to 
assess the accuracy of the supplied data.  Secondly, to evaluate the toxic effects of these 
commercial MWCNT samples upon the alveolar macrophage cells (AMs) to relate the 
physicochemistry of the MWNTs to their bioreactivity. The AMs were chosen as a model 
system because, once inhaled, CNTs can interact with the lung-air interface [110] and AMs 
play a vital role in the clearance of particles from the alveoli of the lung and in coordinating 
immune and inflammatory responses [330]. A recent study showed that short MWCNTs 
(~0.6 μm in length) induced significantly greater responses from the epithelial cells [11], 
whilst AMs were particularly susceptible to long MWCNTs (~20 μm), which is closer to the 
stated length range of typical commercial MWCNTs. Field ion beam SEM (FIB-SEM) was 
then used to image how the MWCNTs interact with and are internalised by the AMs, allowing 
sequential imaging of cross sections taken through the sample, so that 3D information could 
be obtained. The cells were prepared using a novel critical point drying method, in order to 
preserve the cell cytoskeleton and maintain their natural morphology, which can be 
damaged by resin embedding methods [259].  
MWCNT agglomeration state before and after cell exposure was also characterised, as it is 
known to impact the toxic potential of MWCNTs due to the affect upon MWCNT shape and 
surface area [331] [332]. When NanoLan Inc and Mitsui & Co. MWCNTs were injected into 
peritoneal cavity of mice, the more agglomerated NanoLab, Inc. MWNCTs failed to induce 
significant inflammation, but the longer dispersed Mitsui & Co. bundles (length 10 – 56 μm) 
resulted in a significant inflammatory and granuloma  response [280].  
The analysis provided will ultimately offer guidance for future comparisons of MWCNT 
cytotoxicity, and, combined with the characterisation data, will allow informed decisions in 
future use. 
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4.2.1 The Materials 
Arkema Graphistrength® C100 MWCNTs (Arkema); Bay- tubes® C 150 P from Bayer 
MaterialScience (Bay); HeJi High Purity Multi-wall nanotubes (HeJi); NanoAmor, two length 
ranges (NanoAmor S and NanoAmor L); Nanocyl NC7000 (Nanocyl). 
Table 6. Commercial MWCNT characterisation data provided by manufacturer/ supplier 
website unless otherwise referenced. 
MWCNT 
type 
Outer 
diameter 
(nm) 
Inner 
diameter 
(nm) 
Length 
(µm) 
No. of 
walls 
Purity 
(wt%) 
Surface 
Area 
(m2/g) 
Density 
(g/ml at 
25°C) 
Arkema 10-15 2-6 0.1-10 5-15 >90 N/A ~2.1 
Bay 
[333] 
13-16 4 ≥1 3-15 95 N/A N/A 
HeJi 20-30 5-10 0.5-200 N/A 99+ N/A N/A 
NAS 30-50 5-15 0.5-2 N/A 95+ 60 2.1 
NAL 30-50 5-15 10-20 N/A 95+ 60 2.1 
Nanocyl 9.5 N/A 1.5 N/A 90 250-300 N/A 
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Figure 51. SEM of as-received MWCNT powders.  
All of the materials arrived in powder form, and SEM revealed unaligned MWCNT bundles 
(Figure 51). MWCNTs typically form tight bundles due to strong van der Waals interactions 
[334]. 
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4.2.2 Elemental Analysis 
The chemistry of the CNT powders was analysed using SEM combined with energy-
dispersive X-ray spectroscopy (EDX).  
Figure 52. SEM EDX analysis of MWNT powders. 
EDX results show that all of the samples, i.e. Arkema, Bay, HeJi Inc, NanoAmor ‘short’, 
NanoAmor ‘long’ and Nanocyl, contained only iron and carbon (Figure 52). Detection of 
aluminium and silver was due to the aluminium sample stub and the use of silver paint to 
prevent charging. 
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4.2.3 MWCNTs Size and Tortuosity 
MWCNT diameter was determined using transmission electron microscopy. The high 
resolution of TEM makes this the typical technique to measure MWCNT diameters. The 
samples had average diameters within the range of 10-30 nm.  
Table 7. Comparison of supplied commercial MWCNT diameter values and those measured 
independently by TEM, Standard Error shown in parentheses. 
MWCNT type Outer Diameter 
(nm) 
Supplied Outer 
Diameter (nm) 
Inner Diameter 
(nm) 
Supplied Inner 
Diameter (nm) 
Arkema 12.2 (± 0.29) 10-15 2.4 (± 0..10) 2-6 
Bay  13.5 (± 0.51) 13-16 5.1 (± 0.15) 4 
HeJi 21.1 (± 0.98) 20-30 6.5 (± 0.15) 5-10 
NAS 24.7 (± 0.65) 30-50 6.6 (± 0.21) 5-15 
NAL 25.6 (± 0.54) 30-50 7.5 (± 0.20) 5-15 
Nanocyl 10.3(± 0.26) 9.5 4.4 (± 0.09) N/A 
The Arkema, Bay, HeJi and Nanocyl MWCNTs all had outer diameters similar to the values 
given by their manufacturers. However, the NanoAmor MWCNTs had smaller diameters 
than the range provided.  
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Figure 53. Inner and outer diameter of MWCNTs determined from Transmission Electron 
microscope images. 
The ratio between the inner (ID) and outer diameter (OD) varied between 2.6 and 5.2. A 
larger OD/ID ratio indicates an increased number of walls. The number of walls in a MWCNT 
is an significant factor in electrical and catalytic applications, due to the effects on electron 
transfer efficiency [335]. An increased number of walls means more intershell transfer, 
resulting in much weaker localisation, suppressing the quasi-1D metallic conduction [336]. 
Therefore the MWCNTs with larger OD/ID values may be less effective in conductive 
applications.  
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Table 8. Ratio of commercial MWCNTs outer diameter (OD) to inner diameter (ID) from TEM 
measurements. 
 OD/ID 
Arkema 5.2 
Bay 2.7 
HeJi 3.3 
NanoAmor 
S 
3.7 
NanoAmor 
L 
3.4 
According to Arkema and Bayer, their MWCNTs had 5-15 and 3-15 walls, respectively. The 
number of walls was confirmed using the measured difference between the inner and outer 
diameter. For the Arkema MWCNTs, the difference between the averagce inner and outer 
diameter was 9.8 nm, corresponding to 14 walls if an interplanar distance of 0.34 nm was 
assumed. The interlayer distance in MWCNTs has been measured in the range of 0.27 - 
0.42 nm, but most commonly lies between 0.32 nm and 0.35 nm [39]. The interlayer spacing 
of 3 D crystalline graphite is 0.34 nm and so this value was used for these approximations 
[40]. Similarly, the Bayer MWCNTs were calculated to have an average of 12 walls, within 
the supplied range. The other manufacturers did not supply values for the number of walls. 
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Table 9. Length range of commercial MWCNTs dispersed in ethanol from SEM. 
 
Length 
Range (μm) 
Supplied 
Length 
Range (μm) 
Tortuosity 
Arkema 0.12 - 3.5 0.1-10 2.2 (±0.12) 
Bay 0.31 - 8.3 ≥1 2.4 (±0.24) 
HeJi 0.50 - 7.0 0.5-200 1.6 (±0.10) 
NanoAmor 
S 
0.26 - 3.4 0.5-2 
2.1 (±0.28) 
NanoAmor 
L 
0.65 - 7.2 10-20 
2.2 (±0.11) 
Nanocyl 0.18 - 2.4 1.5 2.1 (±0.064) 
 
SEM was used to measure MWCNTs length. There was good agreement between the 
supplied and measured values for the shorter MWCNTs, i.e. Bay, NanoAmor S and Nanocyl, 
although without a specific range/ error for the Bay and Nanocyl MWCNTs, it is not possible 
to accurately compare between samples. The upper limit was significantly less than that 
given by the supplier in the case of Arkema, HeJi and NanoAmor L, which were all expected 
to contain much longer MWCNTs ( ≥10 µm). It is possible that the discrepancy in the 
supplied and measured lengths for the longer MWCNTs is due to an increased degree of 
agglomeration, resulting in fewer measurable individual long MWCNTs, skewing the data to 
lower values. However Ursini et al. obtained a similar length range for HeJi MWCNTs 
dispersed in water (up to 7.8 µm) [337], showing that the values here are realistic and 
relevant. 
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Figure 54. Average length and tortuosity measurements of MWCNTs dispersed in ethanol 
determined from Scanning Electron Microscope Images. 
Tortuosity (τ) is a property of curvature, in this case defining how twisted or how many turns 
a single MWCNT has [338]. Tortuosity was estimated from SEM images using the simplest 
mathematical method (Figure 55), evaluating the arc-chord ratio which is 1 for a straight line 
and infinite for a circle. 
 
Figure 55. Definition of tortuosity (τ). Where L is the length of the MWCNT and C is the 
distance between the MWCNT ends. SEM only allowed measurement of tortuosity in two-
dimensions. 
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Tortuosity values were not given by the manufacturers, and are not widely evaluated in the 
literature. Malik et al. also used SEM images to quantify the tortuosity of MWCNT ‘turfs’ 
produced by CVD [339]. The elastic modulus of the MWCNT turf measured by nano-
indentation increased with the degree of tortuosity (absolute values were not given), which 
they suggested was due to more points of contact between the MWCNTs, between which 
van der Waals forces acted, increasing the overall stiffness. Tortuosity is important in 
composite applications because it will impact the percolation threshold. Dalmas et al. found 
that an increase in tortuosity decreased the average MWCNT gyration radius, which lead to 
a smaller effective aspect ratio and an increase of the percolation threshold [315].  
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4.2.4 Internal Structure of the MWCNTs 
Carbon nanotubes can be classified by their internal structure. The literature shows a range 
of different forms, the most common of these are multiwall, bamboo, herringbone and full-
core carbon nanotubes [340]. In reality, there can be a variety of these structures within one 
sample. By manually evaluating high-resolution TEM images, the typical distribution was 
found to be mostly partitioned or ‘bamboo’ CNT structures in all but Nanocyl (Figure 56). 
Nanocyl contained a large proportion of multiwall without the bamboo terminations present 
(Figure 56). 
 
Figure 56. The internal structure of the MWCNTs was imaged using HRTEM. The images 
were surveyed and the frequency at which each possible structure appeared was recorded. 
At least 100 CNTs were counted for each sample. 
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4.2.5 MWCNT Graphitic Quality 
Phase contrast HRTEM was used to assess graphitic quality. Images were taken at 80kV. 
The threshold voltage for atomic displacement in carbon is 100kV [341].  
 
a b 
c 
f 
d 
e 
c 
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Figure 57. Cs aberration-corrected HRTEM images of a) Arkema, b) Bay, c) HeJi, d) NAS, e) 
NAL, f) Nanocyl MWCNTs. Red boxes indicate example areas of amorphous carbon on the 
MWCNT surface. All images have the same 0.5nm scale bar. 
All CNT samples exhibited amorphous carbon on their outer surfaces, visible as non-linear 
layers at the outermost edges [342, 343], as highlighted by red boxes in Figure 58. 
Amorphous carbon is commonly found on the surface of vapour grown MWCNTs prepared 
from hydrocarbons [344]. The amorphous carbon was confirmed to not be caused by the 
high energies of the probe sonication used to prepare the HRTEM samples, as MWCNTs 
prepared without any sonication dispersion displayed the same features (Figure 58). Also, 
the effect of beam irradiation was minimized by using an accelerating voltage of 100kV (less 
than the knock on damage energy) and minimal exposure times, making this unlikely to be a 
contributing factor to the amorphous surface material. Prolonged beam exposures of more 
than a minute produced no visible changes to the MWCNT structure. 
 
Figure 58. HRTEM images on non-sonicated NAS CNTs, showing the presence of 
amorphous carbon on the MWCNT surface even in the absence of sonication. 
Chhowalla et al. used nano-Auger spectroscopy to study the different forms of carbon at the 
tip and body of CVD grown SWCNTs, and also found that the SWCNT tip contained a 
mixture of both graphitic and amorphous sp2 carbon [345]. (In nano-Auger spectroscopy, the 
material of interest is probed with an electron beam, and the kinetic energy of electrons 
emitted as a result of the Auger process, a series of atomic relaxation events, is analysed). 
The outer layer of amorphous carbon on the commercial MWCNTs may have formed 
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through pyrolysis of a carbon source which was unstable at elevated temperatures, as has 
been previously seen in CVD growth of CNTs [346] [347].  
Bulk graphitic quality was indicated by D/G ratios from Raman spectroscopy (Figure 59 and 
Figure 60). Raman spectroscopy is used to probe the low-frequency modes in a system, as 
discussed in section 3.3.3, and is very sensitive to the graphitic character of ordered carbon 
materials [306].  
 
Figure 59. Raman spectra of pristine as-received MWCNT powders supported on glass 
slides. The characteristic D, G and D’ modes are labelled on the Arkema spectrum. Spectra 
shown are an average of 10 areas. 
All samples exhibited D/G ratios in the region of 1 and so had highly defective structures. 
The lowest D/G ratios came from the NanoAmor CNTs, with the shorter NanoAmor sample 
being the more graphitic of the two. This indicates that the different growth and/ or additional 
shortening process used by NanoAmor Inc. to create the shorter MWNCTs did not 
significantly disrupt the graphitic lattice. With a D/G ratio of 1.3, Nanocyl were the most 
defective MWCNTs.  
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Figure 60. D/G ratios for commercial CNTs. All samples are shown to have a high degree of 
disorder. 
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4.2.6 MWCNT Purity 
 
Figure 61. TGA weight-loss curves for the raw materials heated in air. Samples were heated 
to 100° C and held for 30 minutes to remove any water present before heating at 10 K/min to 
850 °C. Tests were carried out by Adam J. Clancy. 
TGA is a technique which is used to measure weight loss as a function of temperature. The 
two important pieces of information given by TGA which can be used to assess carbon 
nanotubes are the residual mass and decomposition temperature. TGA data from the 
commercial MWCNT samples is represented in Figure 61. The decomposition temperature 
of each sample was determined from the point of inflection on a plot of the first derivative of 
each dataset. Mass loss occurred in the region of 600-700°C in all samples. All MWCNTs 
except those produced by Nanocyl were relatively stable below 600°C. This suggests that 
Nanocyl contained the most amorphous carbonaceous material, which correlates with the 
Raman spectroscopy data, which showed that it had the least graphitic structure. Nanocyl 
also contained the highest amount of residual metal at the end of combustion, with a purity 
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of only 89.6%. There was a significant difference in onset temperature between the two 
NanoAmor powders, indicating that the shortening process/ different synthesis methods lead 
to a loss of thermal stability. 
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Table 10. TGA data from the commercial MWCNT samples. 
 Inflection 
Point 
TGA Purity 
(wt. %) 
Supplied 
Purity 
(wt%) 
Arkema 657 97 >90 
Bay 623 97 95 
HeJi 702 98 99+ 
NanoAmor S 664 98 95+ 
NanoAmor L 695 99 95+ 
Nanocyl 700 90 90 
The Arkema, Bay and NanoAmor MWCNTs had measured carbon purities higher than those 
given by their manufacturers. Nanocyl was the most accurate supplied value, and Bay were 
actually of higher quality than stated by the manufacturer.  
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4.2.7 Master Table 
Table 11. Master table of commercial MWCNT characteristics measured within this thesis. 
Standard errors are given in parentheses. 
MWCNT 
type 
Outer 
diameter 
(nm) 
Inner 
diameter 
(nm) 
OD/ID Length 
Range 
(µm) 
Tortuosi
ty 
Puri
ty 
(wt
%) 
D/G 
Arkema 12.2 
(± 0.29) 
2.4  
(± 0.10) 
5.2 
0.12 - 
3.5 
2.2  
(±0.12) 
97 
1.1  
(±0.020) 
Bay 13.5  
(± 0.51) 
5.1  
(± 0.15) 
2.7 
0.31 - 
8.3 
2.4 
(±0.24) 
97 
1.2 
(±0.027) 
HeJi 21.1  
(± 0.98) 
6.5  
(± 0.15) 
3.3 
0.50 - 
7.0 
1.6  
(±0.10) 
98 
1.2 
(±0.054) 
NAS 24.7  
(± 0.65) 
6.6  
(± 0.21) 
3.7 
0.26 - 
3.4 
2.1 
(±0.28) 
98 
0.93 
(±0.029) 
NAL 25.6  
(± 0.54) 
7.5  
(± 0.20) 
3.4 
0.65 - 
7.2 
2.2  
(±0.11) 
99 
1.0 
(±0.030) 
Nanocyl 10.3 
(± 0.26) 
4.4  
(± 0.09) 
5.2 
0.18 - 
2.4 
2.1 
(±0.064) 
90 
1.3 
(±0.029) 
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4.2.8 Alveolar Macrophage Cell Cytotoxity 
The toxicity of these materials to the alveolar macrophage cells was investigated as these 
cells are important in the process of clearing particles from the lung, and in coordinating 
immune and inflammatory responses [330]. MWCNTs of similar dimensions those studied in 
this thesis (10-50 nm diameter, and of lengths up to 10 μm) have been shown to reach the 
alveolar macrophage cells in mice aerosol inhalation studies [348].  
 
Figure 62. Cytotoxic response of alveolar macrophage cells to commercial MWCNTs after 
24 h measured by WST (a) and LDH (b) assays. The values represent the mean ± SD of 
triplicate experiments (n=3). Statistical analysis was performed using an ANOVA (one-way 
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and two-way) with Post-Hoc test (Bonferroni) using Graph Pad Prism 5.0. Statistical 
significance was compared between the control and treatment concentrations. Cells treated 
under the same conditions but without MWCNTs were used as controls. Differences were 
considered significant at *p<0.01 and **p<0.001. 
The cytotoxicity of the MWCNTs to the alveolar macrophage cells was tested using the WST 
and LDH assays after 24 hours exposure (from 1 – 25 μg/ml). This dose is likely to be much 
higher than would occur in real life inhalation exposure. Lung area doses after 24 h exposure 
to a high concentration nanoparticle atmosphere of 1 mg/m3 have been calculated to be in 
the region of 0.17-0.57 µg/ml [349]. This estimate was for dispersed nanoparticles, and so 
would be even smaller in the case of agglomerated MWCNTs. There is not currently a model 
which has been considered as a valid estimation for in vitro dosimetry [349]. However this 
dose range was chosen to enable comparison to the literature, and to find the relative impact 
of MWCNT physiochemical characteristics on MWCNT toxicity. 
Cell viability significantly decreased following 5 – 25 µg/ml exposure (P < 0.001) for AR, 
BAY, NAS and NAL MWCNTs.  In contrast, cell viability only decreased significantly 
following 25 mg/ml exposure of HEJI and Nano MWNT (P <0.001) and there was no effect of 
the lower concentrations of these types of MWNTs (Figure 62a). The reduction in cell 
viability in response to the MWNTs samples was also measured using the lactate 
dehydrogenase (LDH) assay, and showed the same concentration dependant trends in 
toxicity. The AR, BAY, NAS and NAL MWNTs caused significant increase in LDH release at  
MWCNT concentrations in the range of 5 -25 μg/ml (P <0.001). This response was not seen 
when the alveolar macrophage cells were exposed to HEJI or Nano MWCNTs.  
Arkema MWCNTs were previously shown to significantly reduce the viability of macrophage 
cells at a concentration of 50 μg/ml and above, exhibiting less toxicity than those in this 
study. However the cells used were RAW 264.7 murine macrophages, which could explain 
the difference. In a study investigating uptake of different length MWCNTs by the lung 
macrophage cells, NanoAmor MWCNTs (diameter 25.7 nm, length 1-2 µm) lead to a 
significant increase in LDH release at doses higher than 20 µg/cm2, and were found to be 
easily taken up by the macrophage cells [324]. 
In vivo work has also been carried out using some of the same MWCNT materials as chosen 
here. Nanocyl NC 7000 MWCNTs were found to be non-toxic by Ma-Hock et al, in 
agreement with the findings in this study, when they carried out inhalation exposures with 
Wistar rats [350]. Up to 13 weeks exposure to 2.5 mg/m3 Nanocyl MWCNTs produced no 
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systemic toxicity. Bay MWCNTs were also shown to be non-toxic after the same exposure 
time period, at an even higher dosing of 6 mg/m3  [351], despite being found to be toxic to the 
macrophage cells in this investigation. It is clear therefore that in vivo and in vitro 
experiments cannot be directly compared, and that the variation in experimental parameters 
in the literature means that experimental results cannot be easily equated. 
The differences in toxicity did not directly correlate with the characterisation data. 
Consequently, an SEM study of critical point dried MWCNT exposed macrophage cells was 
used to investigate alveolar macrophage cell-MWCNT interactions. Due to time constraints, 
only three of the MWCNT were taken forward for further testing. HeJi and NanoAmor L 
(henceforth referred to as NAL) were chosen as they were relatively non-toxic and toxic 
respectively, with nominally similar dimensions (diameter, length and agglomerate size). 
Therefore it was of interest to see why they elicited different toxic responses, despite their 
apparent similarity. Arkema MWCNTs were also investigated as a representative of smaller 
diameter materials. 
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4.2.9 MWCNT Agglomerate Size 
MWCNT agglomeration state is known to impact the toxic potential of MWCNTs due to the 
affect upon MWCNT shape and surface area [331] [332]. When NanoLan Inc and Mitsui & 
Co. MWCNTs were injected into peritoneal cavity of mice, the more agglomerated NanoLab, 
Inc. MWNCTs failed to induce significant inflammation, but the longer dispersed Mitsui & Co. 
bundles (length 10 – 56 μm) resulted in a significant inflammatory and granuloma response 
[280]. Therefore it is vital to also characterise the agglomeration size of the MWCNTs when 
assessing toxicity. 
The agglomeration of three MWCNT types dispersed in cell culture medium, using the same 
conditions as the MWCNTs prepared for the cell exposures, was measured using optical 
microscopy. (The rationale for the choice of these materials is given in section 4.2.8.) Optical 
microscopy was chosen as it allowed imaging of the MWCNT dispersion in a liquid state.  
Table 12. MWCNT agglomerate size in cell culture medium. 
 
Average Agglomerate Size 
(µm2) (± SDev) 
Arkema 0.26 ± 0.36 
HeJi 0.39 ± 0.98 
NanoAmor L 0.39 ± 0.92 
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Figure 63. Representative optical microscopy images of MWCNTs dispersed in serum-free 
RPMI cell culture medium. LHS: optical images of dispersed a) Arkema, c) HeJi and e) 
NanoAmor L MWCNTs. The variation in contrast throughout each image is caused by 
agglomerates at different degrees of focus. RHS: corresponding binary images of dispersed 
b) Arkema, d) HeJi and f) NanoAmor L MWCNTs, created in Fiji (Image J) by applying a 
threshold to segment the images into features of interest and background, and measuring 
any particles within a size range of 0.03-15 µm2 (chosen to include typical agglomerate sizes 
and avoid measurement of unfocussed material). More than 600 agglomerates were 
measured per sample. 
MWCNT powders were added to water to make a 1 mg/ml stock solution, diluted 100x with 
serum-free RPMI cell culture medium to 10 μg/ml, and sonicated for 5 min before being 
injected into cover slips for imaging (Figure 63). The settling time allowed was 10 min. The 
resolution of light microscopy is in the order of 200 nm [352], therefore individual MWCNTs 
and sub-micrometre sized agglomerates would not have been resolved. The results showed 
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that the three commercial MWCNT types displayed similar agglomerate sizes, at optical 
resolution, when dispersed in cell culture medium. 
4.2.10 Cell Imaging 
Critical point drying (CPD) preserves the cytoskeleton and allows imaging of the 
macrophage cells in their natural formation [259]. CPD has also been used to preserve the 
agglomeration state of MWCNTs when drying from solution [353].  The HeJi and NAL 
MWCNTs were studied, as they had very similar sizes and physicochemical characteristics, 
but NAL were significantly more cytotoxic  
4.2.10.1 Cell Coverage 
First the effect of MWCNT exposure on cell coverage density was examined. The control 
cells showed a relatively dense and even coverage at low magnification (Figure 64 a). The 
distribution of cells changed following exposure to MWCNTs for 24 h. The non-toxic HeJi 
MWCNTs exposure resulted in large areas of macrophage cell clustering (Figure 64b). The 
NAL MWCNTs lead to a low cell density (Figure 64c), indicating less cell proliferation and 
higher cell death [354], in agreement with the toxicity data (Figure 62). 
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Figure 64. Representative secondary electron SEM images of critical point dried alveolar 
macrophage cells at 24 h. a) Control cells, b) HeJi MWCNT exposed cells, c) NAL MWCNT 
exposed macrophage cells. Images are representative of the entire sample, approximately 
100 cells were surveyed per sample.  
4.2.10.2 Cell-MWCNT Interactions 
The surface of macrophage cells usually contain features known as membrane ruffles [355], 
as can be seen in the control cell images (Figure 65). It has been postulated that the size, 
shape and orientation of the foreign particle with respect to the membrane ruffles can affect 
particle attachment. Particle orientations which fit well between two membrane ruffles will 
exhibit stronger binding due to the higher number of contact points [356].  
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Figure 65. Secondary electron SEM images of critical point dried macrophage control cells 
after 24 h in culture. 
Figure 66 shows areas where alveolar macrophages (AMs) and HeJi MWCNTs were in 
close proximity. The MWCNTs appeared as bright bundles, which were not present in the 
control images (Figure 65). The MWCNT contrast generated in secondary electron mode is 
due to their topology. MWCNT charging can also contribute to secondary electron contrast, 
where the injected charge from the electron beam cannot readily flow to ground due to an 
insulating substrate. The samples were gold coated to reduce this effect, as charging 
resulted in image distortion. At 24h, the HeJi MWCNTs were held between the clustered 
macrophage cells (Figure 66, area 1).  
The NanoAmor L MWCNT agglomerates were also located next to macrophage cell clusters, 
but there were fewer cells in each cluster Figure 67, area 3, appeared to show an AM 
interacting with MWCNT aggregates which have a total volume larger than the cell itself. 
Combined with the toxicity data, this suggests that the NAL MWCNTs reduced macrophage 
cell numbers (viability), making them less able to break down MWCNT agglomerates for 
subsequent internalisation by the AMs. This will be further investigated in future experiments 
which will use live imaging to show the AMs attempting to break down MWCNT 
agglomerates (see section 5.3.2 for more details). MWCNT uptake was investigated using 
FIB-SEM. 
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Figure 66. Secondary electron SEM images of gold coated, critical point dried macrophage 
cells exposed to HeJi MWCNTs for 24 h. White arrows mark the likely agglomerations of 
MWCNTs not observed in the control cells, correlated with regions of cell clustering. Area 1 
shows a large MWCNT bundle held between 2 macrophages, M marks the macrophage 
cells. Area 2 shows a large MWCNT bundle held by at least 3 macrophages. Area 3 shows a 
small MWCNT rope held between 2 macrophages.  Images are representative of 15 areas. 
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Figure 67. Secondary electron SEM images of gold coated, critical point dried macrophage 
cells exposed to NAL MWCNTs for 24 h. White arrows mark the likely agglomerations of 
MWCNTs not observed in the control cells. The cell clusters consist of few cells. Area 1 
shows 3 macrophage cells converging on a large MWCNT agglomerate. Area 2 shows a 
single macrophage cell in close vicinity with MWCNT agglomerates. Area 3 appears to show 
a macrophage cell surrounded by MWCNT agglomerates and debris. The arrows in area 3 
show an area of cell-MWCNT contact. Images are representative of 15 areas. 
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4.2.10.3 Cell Uptake 
FIB-SEM was used to image uptake of HeJI and NAL MWCNTs by the AMs. TEM is typically 
used to image cellular uptake of nanoparticles, but hard particles such as MWCNTs can 
cause damage to the diamond knife used in ultramicrotomy to prepare electron transparent 
sample sections [357]. The MWCNTs are not readily cut and so can cause the sections to 
tear. To avoid ultramicrotomy artefacts from TEM, SEM was combined with a focussed ion 
beam as an alternative method. This technique enables site specific milling of the cell-
MWCNT interfaces without exerting a major mechanical stress, which may dislodge the 
MWCNTs [357, 358].  
For FIB-SEM, the stage was titled to 54° so that the surface was perpendicular to the FIB 
column, and raised to a working distance of 5 mm. In this position the SEM and FIB beams 
converged in the same place of interest, known as the coincidence point. The FIB was then 
used to cut into the cell, and the exposed face was imaged with BSE. The contrast was 
improved by lowering the accelerating voltage to 1.49 kV. BSE SEM is typically used for its 
high sensitivity to local variations in atomic number. The difference in contrast seen here 
was due to the lack of phosphate and amino functional groups in the MWCNTs, which are 
present in the AMs and all organic molecules [359]. The MWCNTs were identified as the 
dark intracellular structures (Figure 68) where there was less electron scattering from the 
MWCNTs than from the surrounding cells or extracellular space. Direct comparison of SE 
and BSE signals arising from the same region (Figure 70 c & d) confirmed that the contrast 
originated from the significantly lower density of the MWCNT containing regions. 
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HeJi MWCNTs 
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Figure 68. FIB-SEM BSE mode images of macrophage cells exposed to HeJi MWCNTs for 
24 h. White arrows indicate areas of dark contrast not observed in control cells, believed to 
be MWCNT agglomerates. Progressive slices are shown at intervals which revealed a new 
MWCNT agglomerate morphology. The letter N denotes the nucleus. The cell cluster 
appears to have surrounded two separate MWCNT agglomerates whilst maintaining a 
healthy morphology, clearly revealed in slice 288. The numbers 1 & 2 show the two MWCNT 
agglomerates revealed during FIB milling.  
In Figure 68, the macrophages surround the HeJi MWCNT agglomerates. It is not clear if the 
cells had fully internalised the MWCNTs in Figure 68, but the MWCNTs and cells were in 
close association, which may be the beginning of internalisation and break down of the 
MWCNT agglomerate. Agglomerate 1 (Figure 68, slice 235) was 7.9 µm in diameter with a 
cross-sectional area of ~46 µm2. Agglomerate 2 (Figure 68, slice 395) was 2.9 µm in its 
longest diameter and 7.4 µm2 in area.  
 
Figure 69. FIB-SEM BSE mode images of macrophage cells exposed to HeJi MWCNTs for 
24 h. White arrows indicate areas of dark contrast, believed to be MWCNT agglomerates. 
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Progressive slices are shown at intervals which revealed a new MWCNT agglomerate 
morphology. The letter N denotes the nucleus. The numbers 1, 2 & 3 show the 3 MWCNT 
agglomerates revealed during FIB cutting, slice 188. 
Area 2 (Figure 69) shows a second cluster of HeJi exposed macrophage cells. In this case, 
the MWCNT agglomerates are surrounded on all sides by cellular material, suggesting the 
beginning of macrophage phagocytosis. Agglomerate 1 (Figure 69, arrow 1) was 5.8 µm in 
diameter with an area of 15 µm2, agglomerate 2 (Figure 69, arrow 2) was 4.9 µm in diameter 
with an area of 15 µm2 and agglomerate 3 (Figure 69, arrow 3) 4.1 µm and 10 µm2. 
The agglomerate sizes measured in situ are significantly larger than that obtained by optical 
microscopy pre-exposure. It is likely that the MWCNTs became even more agglomerated 
when actively taken up into AM vesicles [360].  
NAL MWCNTs 
 
Figure 70. FIB-SEM BSE images of macrophage cells exposed to NAL MWCNTs for 24 h. a-
c) BSE mode images of macrophages containing MWCNT agglomerates, d) SE mode image 
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of area c. Numbers 1 – 4 show the two MWCNT agglomerates revealed during FIB milling. 
The samples were gold coated and obtained through ion milling, without deposition of an 
additional protective layer.  
The NAL exposed macrophage cells had a much lower cell coverage density than the HeJi 
exposed macrophage cells. Figure 70a shows a macrophage containing a large amount of 
MWCNTs. Figure 70b shows an external MWCNT agglomerate.  Agglomerate 1 had a cross 
sectional area of 24 µm2, agglomerate 2 was 0.6 µm2, agglomerate 3 was 2.5 µm2. And 
agglomerate 4 had a cross sectional area of 5.0 µm2. 
Figure 70 c and d show the direct comparison of a region imaged by BSE and SE beams. 
The dark contrast in the BSE image is shown to correlate with the low density MWCNT 
regions in the SE morphology images.  
4.2.11 HeJi vs. NAL Summary 
HeJi and NAL were chosen from the characterised commercial MWCNT materials for an 
investigation on macrophage cell uptake because: 
 They had very similar characteristics, i.e. similar lengths, diameter and purity. (Their 
tortuosity was the most significant difference, with NAL having a tortuosity value 1.4x 
higher than HeJi.) 
 Despite being similar, the NAL showed significant toxicity to the lung macrophage 
cells, whilst HeJi did not. 
Differences in cell density 
 The more toxic NAL MWCNTs resulted in a much lower cell coverage density 
 The macrophage cell clusters which surrounded MWCNT agglomerates appeared to 
consist of fewer cells in the case of NAL 
 The findings suggest that the NAL MWCNTs reduced macrophage cell numbers 
(viability), making them less able to break down MWCNT agglomerates for 
subsequent internalisation by the AMs. 
Differences in cell morphology 
 The macrophage cells exposed to HeJi MWCNTs appeared to be generally larger, an 
indicator of cell health 
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Differences in cell uptake 
 The MWCNT agglomerate size relative to the macrophage cell size was higher for 
the NAL MWCNTs 
4.2.12 Discussion 
Characterisation and toxicity 
A selection of important commercial MWCNTs were characterised. A significant degree of 
similarity was found, which may have been due to similar methods of manufacture. For 
example, surface EDX showed that the MWCNTs all contained only carbon and iron. One 
aspect of MWCNT characterisation which is often missing from studies using commercial 
MWCNT materials is aberration-corrected HTREM. HRTEM revealed that the materials 
mostly consisted of partitioned MWCNTs, and that they had highly defective structures with 
the outer layers having the appearance of ‘frills’ created by ‘buckled’ graphene sheets. 
Raman spectroscopy showed all of the samples to have a D/G ratio in the range of 1, 
indicating a low degree of graphitisation. However, caution should be taken when comparing 
the D/G ratio of CNTs when the D/G ~ 1 as it has been shown that the use of D/G ratios has 
limited ability to distinguish very defective carbon nanotubes [318].  
TGA was therefore used to further investigate MWCNT purity and defectiveness. Nanocyl 
lost the most mass during heating from 100-600 °C. It therefore contained the most 
amorphous carbon, as MWCNTs typically combust at temperatures higher than 500°C [361, 
362]. The Nanocyl MWCNTs also left behind the most residues (10%) when heated under 
oxygen to over 800°C, and so contained the most metallic impurities. The Nanocyl MWCNTs 
measured purity was the same as that stated by the manufacturer. One reason these 
MWCNTs are often chosen for use in composite research is their relatively low price [363]. 
Usually a purification step will be included in the manufacturing process. A typical purification 
method is chemical oxidation, which utilises the fact that amorphous carbon has a higher 
oxidation activity due to the presence of more dangling bonds [362]. Chemical oxidation is 
based on the idea of selective oxidation etching, where carbonaceous impurities are 
oxidised at a faster rate than MWCNTs. Gas phase oxidation is another possible method, 
but one which cannot remove metallic impurities. Therefore liquid phase oxidation is a 
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common choice, used to remove both amorphous carbon and metal catalyst particles. 
Typical oxidants include sulphuric acid, hydrogen peroxide and hydrochloric acid [362]. 
 NanoAmor L contained the least metallic impurities, and so these would be the MWCNTs to 
use if a purification step is not wanted. The purity of MWCNTs has also been suggested to 
impact their resulting toxicity, with metallic residues being blamed for MWCNT toxicity to the 
A549 lung cells [364]. However, in this study, the Nanocyl MWCNTs contained the most 
metallic residue, and were one of the least toxic materials. 
The combustion temperatures, given by the point of inflection, were all the region of 600-
700°C. A higher oxidation temperature is associated with purer, less defective MWCNTs 
[362]. The lowest combustion temperature was exhibited by Bayer MaterialsScience 
MWCNTs. Bayer MWCNTs also had the highest tortuosity. The HeJi MWCNTs had the 
highest combustion temperature and lowest measured tortuosity. The data confirms an 
inverse correlation between the ‘straightness’ of the MWCNTs, and their defectiveness. 
Bedewy et al. proposed that the relationship between tortuosity and MWCNT defects is 
determined during forest growth; where MWCNTs of different diameters grow at different 
rates [365]. The growth rate mismatch leads to significant mechanical stresses on individual 
MWCNTs that are coupled by van der Waals forces at contact points. A higher degree of 
mechanical stress and more inter-tube contact points results in a higher degree of tortuosity 
and defectiveness. 
The diameters of the materials fell into two group: those in the region of 10 nm, i.e.  Arkema, 
Bay and Nanocyl; and those in the region of 20 nm, i.e.  HeJi, NanoAmor S and NanoAmor 
L. The diameter will be determined by the size of the iron catalyst during synthesis [366]. 
The length of pristine MWCNTs is often not measured during characterisation due to the 
difficulty of dispersing non-functionalised material [306].  In this study ethanol was used to 
disperse the MWCNTs, resulting in maximum lengths in the range of 2.4 to 8.3 µm. These 
are smaller than the length scale believed to cause frustrated phagocytosis in the lung 
macrophage cells [276]. However, pristine MWCNTs have a tendency to agglomerate. The 
agglomeration of MWCNTs was demonstrated in section 4.1.4, where movement at the air-
water interface on the Langmuir trough lead to the formation large agglomerates coated in 
model pulmonary surfactant (Figure 43). Agglomeration was also seen in the optical 
microscope when the MWCNTs were prepared for cell exposure in cell culture medium 
(section 4.2.8). Therefore it is likely that in the case of pristine MWCNTs, it is the degree of 
agglomeration, rather than the length of the individual MWCNTs, which will impact toxicity. 
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The agglomerate size of the MWCNTs as prepared for cell exposure, measured by optical 
microscopy, was 0.26 µm2 for Arkema MWCNTs and 0.39 µm2 for HeJi and NAL.  
WST and LDH assays were used to evaluate the cytotoxicity of the MWCNTs to the lung 
macrophage cells after 24h exposure. Arkema, Bay and Nanoamor MWCNT showed 
significant reduction in cell viability and enzymatic action in the range 1 – 25 μg/ml. HeJi and 
Nanocyl only showed significant toxicity at the highest exposure concentration. The 
differences in toxicity did not clearly correlate with the characterisation in Table 11. One 
possible hypothesis is that the agglomerate sizes impacted toxicity. HeJi and NAL had 
similar agglomerate sizes when measured by optical microscopy, but the processes of 
uptake by the lung macrophage cells could have resulted in different agglomerate sizes 
during MWCNT phagocytosis and break down. 
Another possible influencing factor considered was the MWCNT surface properties. 
Measuring the zeta potential of pristine MWCNTs is difficult due to material agglomeration. 
XPS is another possible surface examination technique. It is used to examine the degree of 
surface oxidation and graphitisation of MWCNTs. However, when Tessionnier et al. used 
XPS to study the surface of Bayer and Nanocyl (3100) MWCNTs, they found that the 
differences were small, and followed the same trend as the Raman spectroscopy. This was 
concluded to be due to the surface oxidation (measured by XPS) causing disturbance to the 
graphitic lattice (measured by Raman Spectrscopy). The surface area of MWCNTS can be 
determined using BET theory, which measures the adsorption of gas molecules onto the 
surface of a material [367]. The specific surface area for the NanoAmor MWCNTs was 
supplied by the manufacturer, the others were taken from the literature (Table 13). Although 
the more toxic materials tended to have larger specific surface areas (Arkema and Bay), the 
highest surface area measured was for Nanocyl, which was one of the least toxic materials.  
There is much debate in the literature as to whether specific surface area influences toxicity. 
Lanone et al. emphasized that it can be dangerous to try and associate the toxic potential of 
nanoparticles to one physic-chemical parameter, as it is probably a matter of several 
parameters, and the importance of nanoparticle aggregation/ agglomeration in influencing 
toxicity [368].   
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Table 13. Table of Specific Surface Area Values from the manufacturer unless otherwise 
referenced. 
 
Specific 
Surface Area 
(m2/g) 
Arkema 250 [369] 
Bay 257 [370] 
HeJi 107 [337] 
NanoAmor S 60 
NanoAmor L 60 
Nanocyl 317  [371] 
 
It is likely that toxicity is determined by a combination of factors, including surface area, 
agglomeration and surface chemistry. 
Factors which did not appear to influence pristine commercial MWCNT toxicity 
 Diameter 
 Length 
 Tortuosity 
 D/G ratio 
Factors likely to influence pristine commercial MWCNT toxicity 
 Degree of agglomeration 
 Surface area 
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Cell Morphology and Uptake 
The main difference between the macrophage cells exposed to HeJi MWCNTs and those 
exposed to NAL MWCNTs was in cell coverage density. The less toxic HeJi MWNCTs did 
not appear to significantly change the macrophage cell density. On the other hand, NAL 
MWCNTs reduced the cell coverage density. Reduced cell numbers could result in impaired 
particle clearance, and, in vivo, lead to damage to the macrophage cells and the lung 
epithelium, and may even lead to translocation of nanoparticles from the lungs into the 
cardiovascular system as previously seen with serum albumin and nanoparticles [372].  
In both HeJi and NAL MWCNT exposures, the cells were seen to cluster around the 
MWCNT agglomerates. Brown et al. also saw an increased tendency for macrophage cells 
to migrate towards nanofibers after exposure [373]. All of the MWCNT exposures in this 
thesis showed cells appearing to engulf MWCNT agglomerates. However, there were also 
instances of incomplete internalisation (Figure 68), and where the amount of MWCNT 
material appeared to be of a higher volume than the associated cell (Figure 70a). Phagocytic 
cells can become overloaded when attempting to remove material from the lung. This has 
been shown to lead to impaired phagocytic ability [373]. Such effects have been seen after 
instillation of ultrafine carbon black into rat lungs [374].  
Other apparent differences were that the macrophage cells exposed to HeJi MWCNTs 
appeared to be generally larger, and that the MWCNT agglomerate size relative to the 
macrophage cell size was higher for the more toxic NAL MWCNTs. Differences in uptake 
and cell ‘nibbling’ were not clear, and will be investigated in future live imaging experiments, 
more details of which are discussed in future work, section 5.2. 
4.2.13 Summary 
There is a significant difference between the toxicity of commercially available MWCNTs to 
alveolar macrophages, but the exact combination of physicochemical parameters of the 
MWNTs measured here, i.e. diameter, length, crystallinity, purity, catalyst content and 
agglomeration size, and their relative impact of MWCNT toxicity are still not conclusive. FIB-
SEM confirmed a difference in macrophage cell response to the HeJi and NanoAmor L 
MWCNTs. The more toxic NanoAmor L MWCNTs reduced cell density and lead to smaller 
cell clusters which could result in a poorer phagocytic response in the breakdown of 
MWCNTs agglomerates. The non-toxic HeJi MWCNTs were readily engulfed by clusters of 
macrophage cells in what appeared to be a healthy phagocytic response. Although a clear 
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relationship between MWCNT characteristics and their toxicity was not found, the significant 
differences in toxicity warrants further investigation. 
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5. Conclusions 
5.1 Summary of Thesis Findings 
This thesis considers the impact of commercially available MWCNTs on lung function, 
focussing on the interactions of MWCNTs with the pulmonary surfactant and the underlying 
macrophage cells. The findings from this work provide better understanding of the 
mechanisms by which MWCNT inhalation can negatively affect lung function: 
 A systematic study of the impact of MWCNT morphology on DPPC and PS interface 
behaviour showed that ‘short’ MWCNTs have the ability to disrupt lipid packing in a 
way which significantly reduces the maximum obtainable interfacial pressure and 
‘long’ MWCNTs can increase PS film compression resistance. 
 Incubation of MWCNTs with DPPC, PS and Curosurf showed the possible formation 
of an ordered lipid corona in vivo, which would impact MWCNT toxicity and 
biorecognition. 
 Extensive characterisation of a range of MWCNT materials showed similar features, 
but differences in their effect on macrophage cell viability. 
These findings introduce the Langmuir Blodgett trough as a nanoparticle toxicity assay, and 
show the possible impact of MWCNT inhalation. A new potential mechanism in which 
MWCNTs may influence lung function is by the formation of complexes with the PS after 
inhalation, resulting in surfactant depletion or a decrease in lung compressibility, increasing 
the work required to breathe. This thesis also shows that different commercial MWCNTs 
display different levels of toxicity, despite nominally similar physicochemical characteristics.  
The variability in toxicity should be a major factor considered when purchasing MWCNT 
materials, just as the toxicity of experimental chemicals is assessed before use. 
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5.2 Suggestions for Future Work  
5.2.1 Nanoparticle-PS Interactions 
In continuing research in nanoparticle-PS monolayer interactions, future LBT experiments 
will use physiologically realistic nanoparticle concentrations, alongside inhalation studies to 
directly link the LBT data to the dangers of nanoparticle inhalation. Lung function studies in 
collaboration with the National Heart and Lung Institute will also allow correlation between 
PS damage and changes in respiratory mechanics and lung function.  Significant changes 
were seen after the inhalation of silver nanoparticles in murine inhalation experiments 
(Section 4.1.7) so in vivo MWCNT inhalation experiments are expected to produce 
complimentary data, which will aid in understanding MWCNT biocompatibility and 
biopersistance.  
The potential of graphene to significantly damage PS lipid packing also suggests that further 
work is needed to understand the potential harm of 2D materials. Graphene is now used on 
a large scale [217]. Future investigations should focus on pristine graphene and graphene 
oxide. 
Computational methods should be used to improve our understanding of the interaction 
between DPPC and the MWCNT surface. Coarse grained molecular dynamics (CGMD) 
have been used to model lipid-CNT interactions [375, 376], however the available literature 
focuses on pristine CNTs. Investigations of functionalised CNTs is needed. CGMD could 
also be used to confirm the formation of the hemi micelle and multilayer structures 
suggested in this thesis. Atomistic computational methods could help to find out where 
exactly the nanoparticle sit in the lipid monolayer at the air-water interface [377]. 
The studies in this thesis focussed on the PS lipids. After the lipid interactions are better 
understood, MWCNT interactions with the surfactant proteins and then whole human PS will 
complete the investigation. Surfactant proteins are particularly interesting as they play a 
large role in immune response and lipid packing during compression of the air-water 
interface [123].  This will result in a clear understanding of the role of each major PS 
component in MWCNT interactions after inhalation. 
5.2.2 Macrophage Cell Imaging Techniques 
FIB-SEM allows the generation of a regular series of ‘surface maps’ where the topography 
and z contrast can be imaged using secondary electrons and back scattered electrons, 
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respectively.  The resulting images have the potential to be compiled into 3D images 
allowing a volume representation of the specimen. Heymann et al. used this technique with 
resin embedded lymphoid tumour tissue [378]. In principle, the entire cell-CNT interaction 
can be visualised at once in this way, allowing quantification of nanoparticle uptake. Raman 
mapping could also be utilised as a complementary technique to electron imaging, to locate 
the MWCNT aggregates and trace their crystallinity with respect to exposure duration. 
The macrophage cells in this thesis were prepared as cell cultures. The next step is to use 
cell transwell systems, where the cells are supported on permeable membranes, allowing 
the MWCNTs to traverse and exit the cell. This would aid in studying MWCNT migration, and 
could be used in SEM or TEM. An even more realistic cell exposure model would include the 
mechanical movement of the lung epithelium during respiration, as this has been shown to 
impact nanoparticle uptake [155]. A substrate stretching device could be incorporated into 
future studies. 
One issue to consider is how macrophage cells may deal with agglomerates of nanotubes if 
they form in situ. Live imaging of macrophage cells ‘nibbling’ the MWCNT aggregates would 
allow a study of exactly how the different MWCNT types are broken down. There are several 
techniques which can be utilised for live imaging. Sanjuan et al. used a combination of 
spinning disk and laser scanning confocal microscopy for time lapse microscopic imaging of 
phagocytosis of latex beads [379]. A method for optically imaging phagocytic cells interacting 
with nanoparticles has been developed by the Porter group.  
5.2.3 MWCNT degradation 
Airborne MWCNTs which reach the deep lung are typically phagocytosed by the 
macrophage cells [150] . However a small fraction will translocate into the epithelial cells. It 
is therefore possible that the MWCNTs will reside in the alveolar epithelial cells, be broken 
down by the physical action of the macrophage cells or be degraded by in vivo enzymatic 
action.  
CNT degradation has typically been investigated using single-walled CNTs, outside the 
cellular environment. Allen et al. found that functionalised single walled carbon nanotubes (f-
SWCNTs) degraded in the presence of natural enzymes when incubated with horseradish 
peroxidase (HRP) and hydrogen peroxide (H2O2) [380, 381]. The SWCNTs were monitored 
over 12 weeks using visible near infrared absorption spectroscopy and Raman 
spectroscopy. In a study testing the biodurability of SWCNTs with carboxylated surfaces in a 
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phagolysosomal simulant, Liu et al. observed a reduction in length and accumulation of solid 
carbonaceous debris [9]. Pristine materials did not degrade in the same conditions. The 
study suggested that the surface functional groups provided a site for oxidative attack, and 
were a potential strategy for creating biodegradable CNTs. PEGylated SWCNTs were 
degraded in ‘natural’ in vivo conditions using recombinant myeloperoxidase and ex vivo 
using freshly isolated neutrophils [382]. Another study showed that SWCNTs became 
trapped in extracellular traps extruded by neutrophils which consisted of chromatin 
decorated with antimicrobial proteins. They were then degraded by the MPO present in the 
NETs, and this degradation was enhanced by H2O2 [383]. 
Zhao et al. incubated pristine MWCNTs and samples carboxylated to two different degrees 
with HRP and H2O2 [10]. Carboxylated MWCNTs degraded faster. TEM showed signs of 
structure loss after 4 days, and the tubes became flakes after 40 days. The diameter 
distribution of both pristine and carboxylated samples both shifted to smaller sizes, further 
indicating degradation after 60 days of incubation. 
Oxidised Nanocyl and NanoAmor MWCNTs were exposed to phagolysosomal simulant fluid 
and H2O2 [384]. The more defective material from NanoAmor appeared to be shortened after 
7 days. The D/G ratio for both samples increased after 7 days and the stayed constant for 
the remaining time (up to 60 days). Significant visual changes occurred after 30 days. 
The evidence suggests that degradation can occur within the lysosomal compartment of 
macrophages, particularly for functionalised CNTs. Thus the degree and nature of MWCNT 
uptake remains a central issue. In addition, the question of whether the rate of degradation is 
sufficient to avoid chronic toxicity effects remains unanswered. 
In a body of preliminary work, the effect of lung alveolar macrophage and epithelial cells on 
the D/G ratio of 4VP functionalised MWCNTs was tested. MWCNTs were recovered by 
lysing the cells after 24 h, 72 h and 1 wk exposures.  
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Figure 71. Variation in D/G ratio for 4VP-MWCNTs after exposure to epithelial and 
macorphage cells. MWCNTs were recovered by lysing the cells and washing with millipore 
water through centrifugal filter membranes. 
 
Figure 72. HRTEM of 200nm 4VP-MWCNTs after 24h exposure. a) MWCNTs interacting 
with microvilli, b) Example of MWCNT delamination. Arrow 1 shows a frayed MWCNT edge. 
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The D/G ratio did not vary significantly after recovery from the cells (Figure 71). However the 
sensitivity of bulk Raman spectroscopy decreases when analysing highly defective graphitic 
lattices, D/G ~ 1 [385]. The D peak in a Raman spectrum increases with the number of 
functional groups up to a point, but then both the D and G peak decrease [384]. This trend is 
because the translational symmetry of the CNT is broken by the irregular distribution of sp3 
sites, leading to broadening and intensity reduction of the van Hove singularities, which 
reduces the resonant Raman cross section of all modes. Therefore the D/G ratio becomes 
non-linear, and can reduce for higher defect densities. On the other hand, starting with highly 
graphitic materials such as the in-house ICVD MWCNTs synthesize in chapter one of this 
thesis is unlikely to lead to degradation within possible cell culture time scales. 
Future work will therefore include: 
 Use of more senstive techniques 
Changes in the lattice of carbon nanotubes can be examined using HRTEM (Figure 72), 
which is a time consuming and highly selective technique, allowing observation of very 
small areas. However when combined with electron energy loss spectrum (EELS), which 
is based on the analysis of the energy lost by the electrons during interactions with a 
specimen, small changes in the graphitic lattice can be successfully identified. The 
energy lost by the electrons after interaction with the sample gives information on the 
electrical, chemical and physical structure of the specimen [386]. 
 In vivo work 
In vivo work is rare. Tangled oxidised MWCNTs were implanted into subcutaneous 
tissues and studied for two years and found in the intercellular space, where they did not 
degrade, and in the macrophages, where they were degraded by lysosomes [387]. An 
investigation into the effect of different MWCNT functionalisations on in vivo degradation 
would elucidate mechanisms of surface group induced degradation, which would be 
valuable for CNT drug delivery applications. 
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6. The context of MWCNT toxicity 
We are already exposed to large numbers of ambient nanoparticles in environmental air 
pollution [388], but MWCNT toxicity has become an increasing concern because of their high 
aspect ratio and possible biopersistance. Occupational diseases which have resulted from 
the pulmonary toxicity of nanoparticles include asbestos and coal miner’s disease [389]. 
Asbestos is often considered as particularly relevant as it also has a high aspect ratio, and 
its industrial use resulted in a global pandemic of lung diseases [280]. In reality, asbestos 
has a different surface chemistry to CNTs, which was found to impart direct toxic effects 
[390]. Theoretical studies have shown that fibres of ~ 50 nm equivalent mass diameter, 
aspect ratio  β = 100, can travel deep into the lung, with 30% of the fibres depositing in the 
alveolar region [117]. In vivo studies have also confirmed that MWCNTs can enter the 
alveolar region, confirming the respirability of these materials [164, 165]. 
This thesis has found that MWCNTs have toxic potential if inhaled at high enough doses. 
The literature on the levels of airborne MWCNTs in research facilities suggest that use of 
standard engineering controls, such as containment and properly filtered fume hoods, can 
significantly reduce the risks. There are also the factors of clearance and biopersistance to 
consider. MWCNTs are smaller than the typical asbestos dimensions which were longer 
than 20 µm [280], and so MWCNTs will be less biopersistant, due to an increased amount of 
phagocytosis, a process which becomes disrupted with fibres longer than 15-20 µm [276]. 
Even if high concentrations of MWCNTs are inhaled, it is likely that the concentrations will be 
significantly and rapidly reduced by surfactant turnover, which occurs every 4 hours, and 
mucocilliary clearance processes [312]. It is therefore possible that the changes to the PS 
and alveolar macrophage cell viability measured in this thesis would not be seen in actual 
exposure scenarios. 
However, similar changes to the PS lipids as those seen with MWCNT Langmuir models 
were found in PS recovered from murine inhalation exposures to silver nanoparticle (section 
4.1.7), indicating a degree of realism. Also the formation of PS-MWCNT complexes and their 
ability to affect interfacial PS lipid packing is a relevant concern, especially in those with lung 
complications, such as asthmatics who are more susceptible to airway fibrosis [348], or in 
the case of extreme acute exposure. Plus, the agglomeration seen in the alveolar 
macrophage cell exposures is likely to occur at even very low levels of MWCNT inhalation, 
suggesting that MWCNT agglomeration state is an important variable which should be 
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considered in all future toxicity studies. The findings from this thesis are therefore important 
for future research into MWCNT release profiles and the resulting inhalation toxicity, which is 
likely to become increasingly important to the general public and environment if production 
scales remain high. 
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